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AUTHOR’S PREFACE 


This book is intended to give, in a reasonably adequate engineering 
form, a discussion of the more important hydraulic problems which 
arise in connection with pipe lines and pipe line flow. No attempt 
has been made to cover the subject from the structural or descrip- 
tive viewpoints- In Chapter V the treatment is partly structural 
and descriptive, but rather as incidental to the main purpose of the 
workr 

Chapter I presents briefly the elementary principles relating to 
pipe line flow With some special emphasis on the subjects of pipe 
friction and secondary losses due to miscellaneous turbulence. 
Special attention may also, perhaps, be directed to the series of 
relations and expressions in Section 11 and to the treatment of 
network systems in Section 21. 

Chapter II presents the subject of surge, not with analytical 
detail but in such manner as to place before the engineer a variety 
of means for dealing with this important problem. Attention may 
be directed to the special application of the principles of similitude 
as applied to this problem, thus bringing it within the range of 
laboratory investigation. 

In Chapter III is given a reasonably full analytical treatment of 
the subject of water ram or shock. This seems to be justified by 
the absence, so far as the author is aware, of any measurably 
adequate discussion of this subject in the English language. The 
method employed starts with the fundamental priuciples as first 
developed by Joukovsky. The details of the development are 
however, largely independent of other sources. Special attention 
may be called to the discussion of other proposed formulsa for 
shock, showing the necessary limitations which must surround 
their use, and in particular to that of AUievi which has been so 
commonly employed without a proper appreciation of its necessary 
limitations. Attention may also be called to the extension of this 
method to include the hypothesis df partial or imperfect reflection 
at the valve — and of the need of experimental work to serve as a 
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basis for determining wbat degree of reflection may be expected 
under various operating conditions. 

Chapter IV presents, with some new material, the general subject 
of stresses in pipe lines, due either to static pressure or under 
conditions of flow. 

Chapter V presents some descriptive and structural material, 
especially with reference to materials, joints, fastenings, fittings, 
etc. It gives likewise some discussion of the problem of economic 
design and of a number of special problems connected with the 
instaUation and equipment of pipe lines. 

Chapter VI presents a brief discussion of oil pipe lines, or more 
broadly of any pipe line intended especially for the carriage of 
viscous fluids. Particular attention may be directed to the method 
of treatment involving the use of the general equation of flow as 
discussed briefly in Appendix I. There seems good reason to 
believe that if the frictional resistance is thus determined, as a 
function of diameter, velocity, density and viscosity, with a proper 
allowance for the physical condition of the flow surface of the pipe, 
the results will be entirely reliable and the design of such pipe lines 
may be undertaken with the same degree of confidence as in the 
case of those for the flow of water. 

Any work of the character of this volume must be, in large parts, 
a compilation and adaptation of material drawn from many sources. 
It has been the intention to give credit whenever direct use has thus 
been made. The reader will find, however, a considerable amount 
of material which is either new or which has not been commonly 
presented in the form here given. 

It is hoped that the work may prove of some direct help to 
engineers in deahng with the hydraulic problems of pipe line flow, 
and also that it may serve as a stimulus to the further study of 
many phases of these problems regarding which our knowledge is 
still entirely too fragmentary. 
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m NOTATION TOB UNITS OF MEASDBB 
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|/ — -YoIurBO in general, usually in f3. 

I?-— Telocity of flow in pipe line or conduit, usually in fs. 

IT-— Deimty of water. 

X — ^Tariable length in general, 
y — Head due to some special pressure. 

^ — Total head, including atmosphere or special pressure. 

2 — Elevation above datum level. 
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^ — Coefficient of viscosity. 
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Other notation employed as convenient and as defined in connection 
with special problems. 


NOTATION FOR UNITS OF MEASURE 

In order to facilitate representation in typographical form the following 


notation is employed ; 

Feet (f ) 

Inches (i) 

Square feet (f2) 

Square inches (i2) 

Founds per square foot (pf 2) 

Pounds per square inch {pi2) 

Pounds per cubic foot (pf 3) 

Seconds (sj 

Feet per second (fs) 
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Hote that these designations in Roman type are placed in parenthe&oB, 
llife will serve to distinguish them from other quantities which might l>« 
dftioted by the same letters. 

Mote also that throughout the text the oblique line is used as the sign of 
thus a/b, dv/dt, etc. 
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CHAPTER I 

GENERAL HYDRAULIC PRINCIPLES— STEADY MOTION 

1. Energy of a Flowing Stream 

As shown in the elementary theory of hydraulics the total energy 
of a flowing stream must be considered under three heads. Specific- 
ally in referring to the energy of a stream we mean the energy of 
one pound of the liquid at a definite location in the fine. In 
hydrauhcs the word head is very commonly used instead of energyi 
It must be remembered, however, that the word head thus em- 
ployed means in effect the energy of one pound of the liquid 
contents of a flowing stream. With this understanding the three 
components of the energy or head are as follows : 

(a) Pressure energy or pressure head ^ 

^2 

(b) Kinetic energy or velocity head ^ 

(c) Potential energy or gravity head z. 

Where p=pressure, absolute (pf 2 }. ; 

16?= weight (pf 3 ). 
velocity (fs).|^ 

2^=616 vation of ^ven point above reference datum (f). 

In addition to these three primary forms of energy we must 
recognize two incidental or secondary forms. 

{d) The kinetic energy of eddies, vortex motion and turbulence 
generally. 

(e) Heat energy. 

The entire theory of hydrauhcs, with special reference to the 
dynamics of stream and pipe Hne flow, is based on certain funda- 
mental propositions which will be briefly stated, referring the 
reader to elementary textbooks on the subject for a more detailed 
treatment. 

1 . The three fundamental forms of energy (a), (b) and (c) are 
mutually convertible into each other and into mechanical work. 
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2. Any and aU of the three fundamental forms (a), (b) and (c) 
are convertible into either of the secondary forms (d) (e). 

3. Neither of the forms (d) or (e) is convertible into (a), (h) or 
(c), or into mechanical work. A vortex or eddy or turbulence of 
any kind once formed can never be untangled or transformed 
back into any of the three available forms. Heat once formed 
as a result of the deformation of stream line flow cannot be trans- 
formed directly back into any of the available forms (a), (b) or (c). 

4. Form (d) inevitably degenerates into (e) and becomes 
dissipated as such. 

5. Any action in a stream which results in the formation of 
energy in either of the forms {d) or (e) involves inevitably the 
ultimate dissipation of such energy as heat, and therefore the 
irreversible transfer of energy from an available form (a), (6) or 
(c) to a form absolutely unavailable in a mechanical sense. 

One of the most important of hydraulic problems is concerned 
with the loss of total available energy or head occasioned by or- 
incidental to the transfer of a liquid through a pipe line or other 
form of conduit. 

Let Zq denote the total available head or energy of one pound 
of water at the origin or starting point 0. At any other point P 
in the line let h denote the amount of energy which has been 
transferred from forms (a), (b) and (c) into forms (d) (e). 

Let Z denote the total available energy at P. 

Then from the conservation of energy we must have 

• or fc. 

Again, if we represent Z by the sum of the three componmts 
{a), (b), (c) we have 

+ ( 1 ) 

All quantities on the right refer to the point P. The first three 
comprise the total available energy at P while the fourth represents 
the loss in available energy between the origin 0 and P. The 
quantity h thus transferred irreversibly from the available energy 
to the unavailable form is called the loss of head. 

In this fundamental equation, as noted, p denotes the total or 
absolute pressure at any given point in the stream. In hydraulic 
formidae generally, p is more commonly used to denote rather the 
pressure above the atmosphere, and similarly pjw to denote the 
pressure head in excess of the atmospheric head. Care should be 
exercised in all cases to note the exact sense in which the symbol 
for pressure is employed. 

If is ne^ected in equation (1) we have the well-known Ber- 
nouilli equation for steady flow without loss of head. Including the 
term hy (1) is to be considered as the general energy equation for 
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one pound of water at any point in the line and in which the first 
three terms denote the total available energy of one pound of water 
at the point P, wHle h represents the work done against various 
forms of resistance (and hence the energy transferred from the 
available forms (a), (5), (c) into the unavailable forms (d), (e)) ie 
carrying one pound of water from 0 to P. 

More briefly h may be viewed as the measure of the work done 
against secondary and viscous fortes in carrying one pound of 
water from 0 to P. 

Loss of head^ or loss of energy may thus be view^ directly as 
the energy equivalent of the work involved in various accidental 
phenomena connected with stream line flow. Thus wherever the 
lines of stream flow are abruptly diverted or redistributed, or 
whenever the stream undergoes abrupt changes in size, or whenever 
stream flow undergoes abrupt change in geometrical character 
generally, there is always, in a slightly viscous liquid such as water, ’ 
a tendency toward the formation of eddies, vortices and confused 
turbulence. Such confused turbulence is also formed at the surface 
of separation between a flowing stream and the containing conduit, 
or generally at the surface of separation of a solid and a liquid in 
relative motion. The confused turbulence thus formed at the 
surface of the containing conduit is due partly to the action of 
roughness and irregularity of surface and partly to the action of 
adhesive forces acting between the solid and the liquid- 

In all cases, and no matter how produced, the formation of 
eddies, vortices and turbulence in general requires the expenditure 
of work which can only be furnished by transfer from the available 
forms (a), (6), ( 0 ). Such formation always involves, therefore, a 
transformation of available energy into forms (d) and (e) ; primarily 
into (d) and ultimately all into (e). 

For convenience of discussion we may classify these losses as 
follows : 

(1) Loss of head due to turbulence formed at or near the surface 

of the containing conduit and due to roughness of surface 
and to the action of adhesive forces. 

(2) Loss of head due to all other causes involving misceHaneons 

turbulence and redistribution of stream line flow. 

Loss (1) is commonly referred to as due to jriclion, though the 
actual phenomena involved have little in common vrith those 
characterizing the frictional resistance between two solids. 

Loss (2) we shall refer to as due to miscellaneous turbulence. : 

Before proceeding with the discussion of these various forms of 
loss of head it will be well to note at this point that in Appendix I 
will be found a brief discussion of the general theory of pipe fine 
flow as developed from the principle of dimensions, and mcluding 
the influence due to the viscosity and density of the liquid, and with 
due regard to their dependence in turn on temperature. It appears 
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that them &w in two modes of flow lot a flnid moving in ^ 

pipe or conduit : (1) stieam line and (2) tarbnleiatj but that in all 
€a^» ^risiig in ordinary en^neermg the flow of w’ater 

oecnm under the m^e. 

With to viscosity, the variation in the ease of 'water, at 

Im&t over ordmary working temperatmw, is relatively small , and 
visc<mt.y as s factor in the problem is of relatively snaali importance 
in the tnrbnlent mode of flow. For these remons^ in ordinary 
hydraulic proMems, commonly no attempt is made to include this 
factor. 

With regard to den^ty, the vaiiatioii with temperature is 
relatively greater, but the influence of this factor on lost energy 
mmeni^ed in terms of head is relatively small in the case of turbulenti 
flow, mkd it is therefore commonly ne^ected. If the loss is expressed 
in terms of pr«ure, however, the denaty entora directly as a factor 
Mid eiore must be token in tmnsfomimg head into pressure that the 
proper value cl the demity as effected by the temperature is 
en^loyed. 

On the other hmad, in the ease of crude petroleum od and such- 
like liquids, the influence of racodty dependent on density anci 
temperature mmmmky plays a contnflling and must there- 
fore be includW in any determination of the vdlue of the lost head- 

For a dlser^oa of fonnulaB and methods of computation where 
the infliieiu» of vkeosity must be included, see Appendix I syad 
Chapter VI on oil pipe lines. In the present chapter, dealing wifclx 
waler <Mmduits pnmarfly, the usual practice wiE be f oEowed and tiie 
rdaMvelj mril inflii^iK^ dm to vaiiataons of viscosity and density 
mih temperature wiH he ne^li^fled. 

W# now wito tim- diMm«on of fomiiilso 

csomiiMmlv med im the ^mpulidion or estimadon of these varioixs"" 
toms of io« of bead. 

la genciml we shall dedgnale all such la^es by h. The context 
will always show whether spedal reference is intended to loss (1) 
alxive effect) cr loss (2) (turbulence) or to the sum of the two- 


2. Loss OF Head. Chezy Formula 

The Icm of head due to so-ealied fluid friction in a eondndti 
with ]^md flowing under steady conditions depends, aaide from.' 
v^c»ty Mid de^ity, on t.te following factom : 

(a) Th© vdicxity of flow. 

(b) The character eff the surfs^. 

(e) The length of the cx^ndml. 

(il) T^ toangvemf dimamons wid form of the oonduit. 

fomula have Iwn memm^ for the pur|»#e of relating 
the faotam in tiib |i:ohfem. nie Imt known syad mc»t commonly 
employi^ m tte »o-c^ed CMzj fomiila. 
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Let ?;=vel. (fs). 

(7= coefficient. 

^=liydratilic gradient =A/I/. 
r=liydraxilic mean radius = A /P. 
^=friction head«(f). 

L=length of conduit (f ). 

A==cross section area (f2). 
P^wetted perimeter (f). 

We then have the following formulae : 

v=^O^Jir . . . 
, Lv^ 


In this formula for h, which is admittedly not fully rational, 
especially as regards the index of the coefficient G must include 
some influence due to factors (a), (6) and (d) above. With values 
drawn from experience, however, and representing these factors, 
the formula will give reliable results within the range of values 
covered by the experimental basis. 

It results that the values of 0 in this formula must be selected 
with reference to velocity, roughness, and size of conduit. 

In the use of the Chezy formula or any of its derivatives, care 
must be taken to distinguish between the hydraulic gradient ^ and 
the actual gradient on which the pipe is laid. In the case of a pipe 
running under pressure, there is no necessary relation between 
the two. 


( 2 ) 

( 3 ) 


3. Loss OF Head. Kutter*s Formula 


As an aid in the selection of a value of C for the Ch6zy formula, 
Kutter's formula is frequently employed, though it should not be 
forgotten that this formula was orginally developed for the dis- 
cussion of the problem of the flow in open channels. The formula 
is furthermore empirical rather than rational in its relation of the 
three controlling variables, hydraulic gradient, roughness and 
geometry of conduit. The use of this formula for the determination 
of the coefficient C in the Chdzy formula (equation (3)), should 
therefore be made with some reserve, and preferably as based on 
observation for closely similar conditions. 

Let ^=roughne8s coefficient. 

Then in English units Kutter’s formula is as follows : 


1-81 23 


G= 


D 


•00165 


■a 


1*81 n 
\/r 


D 


23- 


•00166 


] 


•w 


In tliis formula the hydraulic gradient i is intended to represent 
the velocity, r represents the transverse dimensions or cross section 
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of the conduit and n represents the character and condition of the 
surface. 

In any given case i and r wiU be known and n must be assumed 
by jud^ent in - accordance with the character of the surface. 
Typical values will be found in Sec. 7. 

The computation of values from (4) is somewhat tedious,, and 
examination shows further that the variation over the range of 
ordinary values of i is relatively small, and in consequence by taking 
i constant at a mean value, the formula may be simplified in marked 
degree. Thus if ^ be taken constant at 1 : 1000 the formula reduces 

to l.g 

— +45 

(5) 


1 + 


4^ 

Vr. 


The simpler form of (5) may be further justified by the considera- 
tion that the presumable error due to the use of (5) rather than (4) 
will be small in comparison with the uncertainty which will inevit- 
ably attach to the arbitrary selection of a value for the roughness 
coefficient n, or to the use of the formula itself for finding the value 
of 0. 


4. Loss OF Head. Exponential Formula 


Reference has been made in Sec. 2 to the fact that the Ch6zy 
formula is not quite rational in taking resistance or loss of head to 
vary with the square of the velocity. 

Experiments with varying velocities in conduit flow as well 
as a vast amount of research in the related field of ship resistance 
show that, with the other factors constant, the resistance or loss 
of head due to friction varies with the speed according to an index 
which may range about 1*83, but which, in practically all cases, is 
less than 2. In a more fully rational formula for loss of head, the 
velocity v should, therefore, have an index approximately 1-83 or 
1*85. Several formulae of this character have been proposed. Of 
these one of the best knowm is that proposed by Williams and 
Hazen, as follows : 

Let r=mean hydraulic radius = A /P as in Sec. 2. 
^=bydraulic gradient =^/L as in Sec. 2. 

P= coefficient. 

(7= coefficient in Chezy formula. 


Williams and Hazen Formnlce : 


and 

or 

and 


63 ^* 0. 64 

^^1.86 

^ ^ 1 . 85 ^. 1.17 

t;=l*318Cr«3 

Lv^.B5 

l*668Ci-8Sr^-i''; 


(6) 

(7) 

(8) 
(9) 


GENERAL HYDRAULIC PRINCIPLES 


7 


In (6) and (7) R is a coefficient which is supposed to depend on 
)ughness alone and which may he selected on the basis of the 
tme features as for n in Kutter’s formula. In (8) and (9) the 
iimerical factor is introduced in order to relate B of (6) and 
') to the coefficient O of the Chezy formula. For average or 
epical values of ^=•001, and r=l, it is readily seen that R= 
301)— 04 (7=1-318(7. Hence in the form of (8) or (9) C may be 
sleeted for the given character of surface and assuming a hydraulic 
:adient of *001 and a mean hydraulic radius of 1. This value in 
1) or (9) will then give the proper results with the actual gradient i 
id actual radius r. The significance of this form of the coefficient in 
1) and (9) lies in the fact that many engineers prefer to estimate 
rectly the value of C in the Ch6zy formula, and, with nearly 
andard conditions as to hydraulic gradient and radius, are able 
> do so with quite satisfactory accuracy. There has accumulated 
the literature of this subject, furthermore, a large amount of 
aterial bearing directly on values of G for the Chdzy formula, and 
Lus serving as a basis for the immediate selection of this coefficient 
r various conditions- If it is understood that the C of (8) and 
) is the 0 of the Chezy formula for r=l and ^*=*001, a large 
nount of this data becomes immediately available for purposes of 
lection. 

The principal practical drawback to the use of exponential 
rmulse lies in the more complicated numerical procedure which 
involved. As an aid in malang such computations effective use 
ay be made of logarithmic cross section paper, and as an exten- 
)n of the same idea a special slide rule has been devised for the 
rect computation of the terms in equation (8). 


6. Loss OF Head. Darcy’s Coefficient 


The following formula is given in all elementary works on 
^draulics : r ^ 

^=4 2 ^ 

acre /= coefficient as below : 

L=length. 

D= diameter. 

7; = velocity (fs). 

Note that in the above formula L and D must both be measured 
terms of the same unit. 

In this formula / represents a roughness or friction coefficient 
lich decreases with increase in either D or v. The variation with 
is, however, slight and may usually be neglected. For variation 
th diameter Darcy recommends a formula which may bo 
pressed in the form *00166 


/=* 02 + 


D 


.( 11 ) 


laere D is diameter in feet. 
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This value of /is rocommendMl for clem; pipe For old piin- a 
suitable increase up to double value Bhouhl l>e inade. 

Comparison mth the Ohtey formula m 2 unne-.b- 

ately the Mowing relations Is-twinm / and ( . 

, Hff 257-8 

ljH>5 

c^sIT W 

Prom the above value of / we n^adily hiul 

/ 257-Sri " jj.,. 

G-\J .'02W i-'-fH>l«b “ 

Corresponding values of /and (' are given in labht 1. 


6. Loss OF Head. Volume Flow Formula 


Let L=3longth of aenduit (f). 
t;=velooity of flow (fs). 

F=!volunio rate of flow 

/i=constant defSinding on form tif mtm si-et inn 
C'=c(Kdlieient in Chezy foniitila iw in See, 2, 
r.-=:hydraulie mean radius ((}■ 

A—antn , of msetion of eenduit (f'ij. 

Then we may put 

^aa/fr* 

and the Oh&sy formula 

, La* 

I'-T 

is readily put in the form 

' 

For a circular emwi w^ofioii It 

, mw^ 


or V 




Is, f />;!, and «e Iwivt* 
(IIN/J** 

jr*»//6 * 

UG*ft*h 

r. ‘ " 


fldj 

fli) 

fib) 


7. SUQQEOTIONS REGAROINQ PRACTICAL VALUES 
OF n AND 0 

The value of the roughnew » of Kmur'a hirmul-a, in 

cases arising in praetw, » commonly foniwl bd««^ n lU'i and lU 5, 
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MaM f~ lk\iB:I^AR:Y 

Well- planed timber ^ ^ 

Neat cement. 


. . *009 

'v«<i ^ 

A«i!«^0G*UOP■ 



Cknncnt wifch one-third sand 
1 In planed timber . 

Ashlar and brickwork 

Unclean surfaces in sewers and conduits . . -uio 

IjjUiT ohscTvations seem to indicate further values as follows : 
floncreki conduits with smooth plastered 
surface when new .... 

Tilt* same conduits with ageing and a gradu- 
ally acquired gelatinous or slime-covered 
surface 

Iron and steel pipes 

Wood stave pipe . 


•Oil to -012 


•013 to 
•013 to 
•Oil to 


•014 

•015 

•012 


There ifi, of course, no definite upper limit for the measure of 
rcHiglmcas and with flaking and scaling of cement-lined surfaces or 
with corroKion and tuberculation of iron and steel pipe the values 
of n may rise to 020 or more. 

Turning now to the direct estimate of the value of C in the Chfey 
fiirmiila, the following suggestions are given : 

For now cast-iron pipe with specially smooth surface, C may 
rise to values approachmg 140. For average new cast-iron pipe a 
valuer of almiifc IJIO may be anticipated. With corrosion and fouling 
the value of 0 will fall, according to the degree of roughness, to 
values approximating 100 or less. Where the capacity of a cast-iron 
pi{M* line after some period of years is in question, values of C from 
IfMl to 1 10 may usually bo employed. 

Fur c*a«t-irr)n pipe 4 inches diameter to 60 inches diameter, 
Williiiins and Hav^en*** estimate that beginning with 130 when new 
the value! of O will decrease to 100 in from 13 to 20 years and to 80 
in from 26 to 47 years. In each case the shorter range of years is for 
Iht! 4*ineh size and the larger range for the 60-inch size. Inter- 
iiif*difif4! riinges arc! for intermediate sizes, the range for any one 
value of (J inereaHing at first rapidly and then more slowly in going 
from the mijiiiIIct to the larger sizes. Again for each size of pipe the 
in (f in at first rapid and then more gradual with increasing 
age, tlw! viilues for small pipes falling off more rapidly than those for 
Iiirge. Those relations between the value of (7, size of pipe and age 
lire f^xprrsHod in tabular form by the authors above mentioned, not 
itH or proedso results to be anticipated in all cases, but as a 

goiionilization biiscjd on wide observation and careful judgment. 
I’lie aiiihori-i are careful to state that the ranges of years stated are 

• ** Ityilnmlic* I’ldiles/’ John Wiley and Sons, ISTew York. Chapman and 

Ilfiih Li'mmJoii. 
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intended to apply primarily to soft and cdwar but iinfiltc’TOi riwt*r 

waters. Some waters wiU corrodti amUmn in^nm mm^b mmm 
rapidly than such a standard, wMh in oihor emm, mimrmlly fm 
hard waters, the rate may be much «Iowc?r. In nil 
careful judgment must bo used. 

For rivetod-steel pipe, when now, viiliios of miiy rmm* 

110 and upward. With ago the value will drop to a rmiin* immlly 
from 95 to 100, Hazcn and Wiliiams* state m ii brofid 
that steel pipe of a given Him and agi..t will i*iitTy tlw- f|ttaii!sty 
of water as cast-iron piiK^ of tht^ Hami^ nim find tm yimm titlrr , %% itii 
butt-strap circumferential jointn, approsiiniifcly rit*4mn 

the inside and special cani to mdko gmul kydmulir ttmdiikmM, C 
for now pipe wiU rise to vahn^H ai)out fulling wlifi mlvEtiriiig iige 
to values ranging from ICK) to I Kb 

For new welded-stocl pip with cmre iil tlir pmU to gir«% m 
nearly as may be, a smoc^th ccuitinucuis fitirfnr*% tlw^ viilip* *#! i ‘ riniy 
be taken 120 to l^K), With miviincdfig iigit tfiiii will dtup io viiliir« 
ranging from 100 to 110. 

Pipe of lead, brass, tin, glasa, or of oilier lih** tmt*md Miviiif » 
smooth semi-piUshed surface, will give Vfdnm id f* tip lc» ilo 
A very slight roughening, iilinost jifnn^rrrfililili* !:« iti»^ »ill 
serve to reduce these values to l-H) nr I St nr i«w. 

For smooth-wood or wiKxbsiavc pific, viiliu*# nf f* fmiii l3t iurt 
130 have been noted in mm*ml c*iise«. 

For masonry or enuen'te conduits %vitii fi^incnt. jib#tirrri| 

surface, values of 6' from 130 to KKi may lw« 
falling with age and the difvidopiticnt of a .^tirf»ri« if-i 

values ranging from VM Ui VMb and t4i still lowi^r Vfiltir# if »rr«iii 
panied by flaking or scraliiig. tUtiinftlc valuer of nr 1*%.# mill 
also 1)6 appropriate if the siirfacr^ shriw uligfit wa nr iilirit 
as is often the ease with onliiiary ctiiilrur'l work,. 

For vitriflad pi|M.i a value of*al)oiil llo fnay tn* ciii|dnyrfb ihm 
allowing for some loss at caidi joifil, clue In rtiiiilitif^ m m fliitil: 
sudden expansion in 

In the preceding diseuimion ri'^garditig th<^ valin'*** of iti«^ i m 
6\ no specific rcsfereneii han lM?cn isnflit to iim of * ' 

size o£ pipe and hydraulic p«ltwil or Vidr^lly {ii m$ far, t $ , 
as the general indications of Kiitl#»r's fnrfiiiili apfilo’iblir to | 4 ji«‘ 
flow, it apixmm that for a given ol ito 

values of C inemBm wdth the hyilraiilic mmn rmlkm r mid mitli ibt 
hydrate gradient i or othcrwiiw with Iti** livdrfiiilic rmlno^ 
and with the^vedwity. For lai^c pipji ami tiigl# li# iiirn 
therefore antieijmte ndatsvely Wglt vaiiu’# of Mmi lor 
and low velodtiai, stnaUer viilw». 

The form of the Ch&jy foriatila, whim eoiii|»iir«4 %iili ili* 
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more, that wc> should autieipate such a dependence of 0 on the other 
fimtors, enpeciaUy velocity or hydraulic gradient. 

Two practical questions then arise : 

I . For what sizes and hydraulic gradients are the values of (7, as 
alKive inciicati^d, intended to be applicable ? 

2il. Whiit is the general character of the change in the value of 
(J witti varying hydraulic mean radius or varying hydraulic 

graclicfut ? 

In an»W€»x to the first of these it may be stated that, broadly, the 
values given have been derived by observation from cases where 
for the most part the hydraulic gradient approximates *001, and the 
hy<lraulio mean radius ranges, say from •2(f) to 1(f). That is, the 
very Hinall sizes of pipe are excluded from the range intended. As 
a middle range we may assume the values of C as stated, primarily 
a{)|>licahle to (jaiiOB approximating as follows : 


i=*001 
r=*50(f) or 
D=2(f). 

Wi? tnay then paas to the second query. Kutter’s formula is, of 
coitrin^ iiikmded to answer just this question, or more exactly to give 
V Int any assumed value of the roughness coefficient n with any 
given value of i and r. ^ ^ ■ 

We shall prefer, however, to take the direct results of pipe flow 
c>lw?rviiticins, as on the whole more satisfactory than the numerical 
values of the iCutter formula, which, as previously noted, was based 
primarily on the flow in open channels. 

A MtitaWe analysis of the Williams and Hazen formula (see 
Biic. 4), and into the details of which we need not enter here, serves 
III show tliat If we denote by the value of the coefficient C, 
which is proi>erly applicable to a standard value of the hydrauuc 
itiimii nidiiis and a standard value of the hydraulic gradient 
iMm the viiluc O properly applicable to any value of r and i wiU 
given approximately by the formula : 




A / 



....(16) 


That ia, Htarfcing from standard JS® 

as tha eighth root of r and the twenty-fifth root of It foUows 

that the variation with * is much slower than with r. 

then any value of as suited approximately to the 
fuming tnen anjf o o r ^ 

valum of and *o - Wi, ioi„A nf r and i as 

tion of the suitable value of C for any other value of r andt, as 

here noted that the tabular values of 0 given by 

VViUiamH and Ilazon are stated to the^same'^and the 

auid The law of vanation is, however, tiie sam , 
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values ro=*5 and ^‘=*001 are here chosen as on the whole better 
suited to the general range of values of G above mentioned. 

It may also be noted that a suitable analysis of Kutter’s formula 
shows likewise a very similar though not equally regular law of 
variation of G with r and i. 

Value ot G derived from / in Darcy’s Formula. — check on 
the value of G may be obtained by the use of the relation between 
the two coefficients of the Darcy and Chezy formulas. This relation 
has been noted in Sec. 5. In Table I corresponding values of / 
and 0 are given against diameter. It is seen that the table is not 
carried beyond a diameter of 2 feet. This is for the reason that 
I this formula gives values too small for large pipe. The Darcy 
formula with the value of / proposed for clean pipe should not be 
employed for large pipes for this reason. It is readily seen that 
according to the formula showing the relation between / and (7, the 
maximum value of G, no matter what the diameter, will be ^/W0g— 
113*4. This value for large clean pipe is entirely too small, while 
on the other hand, for pipe up to perhaps 1 to 2 feet in diameter 
the values agree well with general experience. 

It may be noted also that Darcy recommends the value for / 
as stated in Sec. 5 to be applied to new clean pipe, with an increase 
in / up to 100 per cent for old and corroded pipe. This is evidently 
equivalent to a decrease in the value of C in the ratio 1*00 to 
1*4:1. For intermediate states of roughness or corrosion, inter- 
mediate values win naturally be taken. 




TABLE I 



d 

•ooiee/d 

/ 

Sg/f 

c 

-1 

•01660 

•03660 

7030 

84 

•2 

•00830 

•02830 

9092 

95 

•3 

•00653 

•02653 

10080 

100 

•4 

•00415 

•02415 

10660 

103 

•5 

•00332 

•02332 

11030 

105 

•6 

•00277 

•02277 

11300 

106 

•7 

•00237 

•02237 

11500 

107 

•8 

•00207 

•02207 

11660 

108 

'9 

•00184 

•02184 

11780 

109 

1-0 

•00166 

•02166 

11880 

109 

1-5 

•00111 

•02111 

12190 

110 

2*0 

•00083 

•02083 

12360 

111 


Hamilton Smith’s Coefficients.— As the result of an extended 
examination of pipe flow data, Hamilton Smith has deduced a 
series of coefficients, varying with diameter and velocity. In the 
development of these coefficients a very large amount of data was 
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critically examined and great care was taken to eliminate doubtful 
results and to develop a set of values for the coefficient G, based on 
reliable and consistent observations. These values have, in conse- 
quence, been widely accepted as presumably the most reliable 
present expression of the results of actual experience. 

It should be noted that these coefficients do not contain allow- 
ance for varying degrees of roughness. It is understood that the 
observations on which they are based relate broadly to cast-iron 
and riveted-steel pipe with clean and smooth interior surfaces ; 
that is, to what may be taken as substantially new pipe. 

Smith's observations are reported in the original paper* in the 
form of tables giving values for G against varying values of diameter 
and velocity. In ordef to compare with other authorities giving C 
against diameter and hydraulic gradient, and for direct use when 
the hydraulic gradient is given rather than the velocity, it is con- 
venient to transform these values into an equivalent set giving 
G against diameter and hydraulic gradient. 

In Table II the coefficients are given in the original form, and 
in Table III the equivalent values are given in terms of diameter 
and hydrauMc gradient. 


TABLE II 

Smith's Coefficients 

Values of C in Chezy Formula^ for Clean Cast-Iron and 
Riveted-steel Pipe 


Diameter 
of pipe 

1 

2 

3 

Velocities iu feet per second 

4 5 6 8 10 

12 

16 

20 

Feet 

•05 


78 

82 

86 

88 

89 

91 

91 

91 

91 

— 

•1 

80 

89 

94 

97 

99 

101 

103 

105 

106 

106 

— 

1 

96 

104 

109 

112 

114 

116 

119 

121 

123 

124 

124 

1-5 

103 

111 

116 

119 

121 

123 

126 

129 

130 

132 

133 

2 

109 

116 

121 

124 

127 

128 

132 

135 

136 

138 

— 

2-6 

113 

120 

125 

128 

131 

133 

136 

137 

141 

143 

— 

3 

117 

124 

128 

132 

134 

136 

140 

143 

146 

147 

— 

3-6 

120 

127 

131 

136 

137 

139 

142 

146 

149 

151 

— 

4 

123 

130 

134 

137 

140 

142 

146 

150 

152 

153 

— 

5 

128 

134 

139 

142 

145 

147 

150 

165 

— 

— 

— 

6 

132 

138 

142 

146 

148 

164 

155 

— 

— 

— 

— 

7 

135 

141 

145 

148 

161 

. — 

— 

— 

— 

— 

— 

8 

138 

143 

148 

151 

163 

— 

— 

— 

— 

— 

— 


* “ The Flow of Water through Orifices, over Weirs and through Open 
Conduits and Pipes.'" J. Wiley and Sons, New York, 1886. Also “Trans. 
Am. Soc. C.F., 1883." 
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TABLE in 
Smith’s Ooefficiehto 

Values of C in Chezy Formula^ for Vlenn VaMdnni and 
EiveJed-steel Prjfm 

These values are transformed from thorns of Table II in mieh iniiniif»r 
as to make diameter and hydraulic grMient the cieteriiiiiiifig 
variables. 


Hydraulic 













gradient 






Diameter* 

font 





parts in 













1000 

•05 

•10 

1 -0 

1 -6 

2-0 

2-5 

3 0 

3-5 

4*0 

5-0 

n •0 

7 11 

■2 





no 

no 

121 

124 

129 

135 

140 

141 

•4 



00 

104 

114 

120 

125 

129 

133 

140 

144 

118 

-6 



99 

108 

no 

122 

127 

131 

135 

112 

140 

151 

■8 



101 

110 

118 

124 

128 

133 

130 

III 

148 


1-0 



102 

112 

119 

125 

130 

135 

138 

145 

1 f#0 


2-0 



100 

110 

124 

130 

135 

139 

143 

150 



4-0 



111 

120 

128 

134 

140 

144 

149 




6-0 



113 

122 

130 

130 

142 

147 

151 




8-0 



114 

124 

132 

138 

144 

149 

152 




10-0 



110 

120 

134 

139 

145 

150 

153 




15-0 



118 

128 

130 

142 







20-0 


89 

119 

129 

137 








30-0 


02 

122 

131 









40-0 


04 

123 

133 









50-0 

78 

05 

124 











100-0 

200-0 

300-0 

400-0 

500-0 

1000-0 


82 09 

87 102 

89 104 

90 105 

90 105 

91 105 


Betwoon fcheise two taWow a valuo in rffwlily nt-h-tU ti for «riv 
combinataon of the variabksH within tho mnjjo whit-h thi*v 
intended to cover. ' 

oI 0 d^ved from Ship R^xtenco Experimonfr. K« 
tended and refined inveatigationM have det4-rniinr»i lo « },i»|, 
of accuracy the value of the ecHdlieient of friefioi, for the ri-:,iMa,„.. 
of ships. This 18 UHually exfireMned hy n huriniilft : 

R=>^kAv' . 

where il=mii«tanco (p). 

.4=area(f2). 

«=avelocity (knots or fe). 

n**Mi usually taken at aliout. I MS, 

^^coefficient. 

Since t^ loss of he^ h is measurwl hy the work th>tw in utrr%sm 
one pound agamst friction the lenKth of the Um (J H," H)! 
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readily derive an expression for h in terms of the above formula 
for resistance as follows : 

4 

Length of pipe occupied by 1 pound 

4 

Wetted surface for 1 pound=— = 

wD 

Ti^R (for 1 pound) xL= 


wD 

Since hydraulic ra^Jius r=DI4: this becomes 

, kLv'^ 
h= 


rvr 


(17) 


Comparing this with the Ch6zy formula it appears that if n=2 
we should have 


02 = 


W 


Since, however, n=l-S5, it is readily seen, in order that the 
Ch6zy formula with its index 2 may give the same value of h as 
(17) with index 1*85, we must put 


02 = 


k 


(18) 


Now abundant experiment has shown that for smooth iron and 
steel plates and taking v in (fs), the value of k may be taken as 
follows : 

Eresh water .... A;=*0037 
Saltwater . . . . ^=-0038 


This gives values of C as follows : 

V 

2 

4 

6 \ 

8 

10 


c 

137 

144 

149 

152 

154 


It will be noted that since w and k both vary directly with density, 
the value of 0 is independent of density. 

These values are undoubtedly applicable to large pipes with 
smooth surfaces. They furnish, moreover, a coniSrmation of values 
directly derived from pipe line observations, as noted previously. 
For small pipes where there is mutual interference between the 
filaments of flow and where the conditions between a flat plate and 
an indefinite body of water in relative motion cannot be realized, 
the resistance becomes greater and the value of C less, as previously 
indicated. Also where the surfaces are not smooth, due to corrosion, 
scaling or fouling, the coefficient of resistance will increase and O 
will decrease as before noted. 
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8. Total Friction Head in Pipe made up of Sections 
OF Different Diameters 

Let Aq, etc., denote respectively the cross sectional areas 

of the various sections of pipe. Let Lg, X3, etc., denote the 
corresponding lengths. Let A^ be taken as the reference area, and 
let Ai=m2A2=m^^, etc. 

Let ^1= velocity in section of area ^ 4 ^. 

Then rngVi— velocity in section of area .42- 

velocity in section of area .43, etc. 

^=total friction head. 

Then from ( 3 ) we have 

“‘“•'(w)"'" 

This expresses h in terms of a single velocity and the various 
ratios m with the other characteristics of the sections. 

Again from ( 13 ) we have similarly 


For a circular cross section R=47r and r=i )/4 and we have 
X 64F2^/ L \ 

• ^ /72 ns ) 


If the variation in diameter is moderate the coefficient G may be 
taken as constant at an average value and we have 



Let Dq denote any standard or reference diameter and Lq the 
length of a conduit of this diameter which would have the same 
total value of h. Then 

» 


Lq Z L\ 


Thus for illustration : 


Given Li= 500 , Di= 4 . 
£a= 800,^2=3-5. 
^ 8 = 1000 , ^ 3 = 3 . 
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Thus a uniform conduit, 3 feet in diameter and 1489 feet long, 
will have the same frictional loss as the actual conduit of varying 
diameters and 2300 feet long. 

In Table IV will be found a table of fifth powers for use in con- 
nection with formulas such as those of Sections 6 and 8. 


TABLE IV 


•1 

•2 

•3 

-4 

•5 

•6 

•7 

•8 

•9 

1-0 

1-1 

1-2 

1-3 

1-4 

1-5 

1-6 

1-7 

1-8 

1- 9 

2 - 0 
21 
2-2 
2-3 
2-4 
2-5 
2-6 


Fifth Powees of Numbebs 


-00001 

2*7 

-00032 

2-8 

-00243 

2-9 

-01024 

3-0 

-03125 

3-1 

-07776 

3-2 

-16807 

3*3 

-32768 

3-4 

-59049 

3*5 

1 -OOOO 

3-6 

1 -6105 

3-7 

2-4883 

3-8 

3-7129 

3-9 

5-3782 

4-0 

7-5937 

4*1 

10-486 

4*2 

14-199 

4-3 

18-895 

4*4 

24-760 

4-5 

32-000 

i 4*6 

40-841 

4*7 

51-536 

4*8 

64-363 

4-9 

79-626 

5«0 

97-656 

51 

118-81 

5*2 


143-49 
172-10 
205-11 
243 -00 
286-29 
335-54 
391-35 
454-35 
525-22 
604-66 
693-44 
792-35 
902-24 
1024-0 
1158-6 
1306-9 
1470-1 
1649-2 
1845-3 
2059-6 
2293-5 
2548-0 
2824-8 
3125-0 
3450-3 
3802-0 


H.P.t, — 0 
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5-3 . 

. 4182-0 

6-4 . 

. 4591-7 

5-5 . 

. 6032-8 

5-6 . 

. 6507-3 

5-7 . 

. 6010-9 

6-8 . 

. 6563-6 

5-9 . 

. 7149-2 

6-0 . 

. 7776-0 

6-1 . 

. 8446-0 

6-2 . 

. 9161-3 

6-3 . 

. 9924-4 

6-4 . 

. 10737 

6-5 . 

. 11603 

6-6 . 

■ . 12523 

6-7 . 

. 13501 

6-8 . 

. 14539 

6-9 . 

. 16640 

7-0 . 

. 16807 

7-1 . 

. 18042 

7-2 . 

. 19349 

7-3 . 

. 20731 

7-4 . 

. 22190 

7-6 . 

. 23731 

7-6 . 

. 25365 


7-7 



27068 

7-8 



28872 

7-9 



30771 

8-0 



32768 

8-1 



34868 

8-2 



37074 

8-3 



39390 

8-4 



41821 

8-6 



44371 

8-6 



46043 

8-7 



49842 

8-8 



52773 

8-9 



55841 

9-0 



59049 

9-1 



62403 

9-2 



65908 

9-3 



69569 

9-4 



73390 

9-6 



77378 

9-6 



81537 

9-7 



86873 

9-8 



90392 

9-9 



95099 

10-0 



100000 


9. Minor Losses of Head 

Under this general head wo include tho various losses due to 
miscellaneous turbulence and deformation of stream line flow, as 
discussed in Sec. 1. 

(a) Loss o£ Head at Entrance. — ^When water passes from a 
reservoir into the open end of a pipe line, there is a loss of head 
depending on the velocity and on the rapidity of tho acceleration 
from rest to normal velocity within the pipe. 

This is called the entrance loss and may be expressed by the 
formula: 

(“) 

Where i)=velocity (fs). 

A;=coef&cient depending on form of entrance. 

Sementary hydraulic theory with experimental observation 
serves to furnish approximate v^ues of ib as follows : 

k 

End of jape flush with reservoir {a) Kg. 1 • 50 

Pipe projecting into reservoir . (6) Kg. 1 -93 

Conical or bell mouth . (c) (d) Kg. 1 -15 to -04. 
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As the value of v rarely exceeds 10 (fs) the value of h with an 
entrance as at (a) would not exceed *75 (f), while with a suitably 
tapering entrance as at c or it may be readily reduced to *16 (f) or 
to an amount usually negligible. 



Fig. 1. — ^Forms of Inlet. 


(&) Loss Due to Abrupt Expansion in 
Size. — ^If the pipe line is made up of 
sections of varying diameters and the 
transition is sudden from one size to 
another, there will be corresponding 
sudden changes in velocity and re- 
sultant losses of head at these points of 
transition. 

For a sudden expansion (Fig. 2), 
elementary hydraulic theory furnishes 
the approximate formula : 



Fig. 2. — Loss Due to 
Enlargement. 


\ ^ 2 / 2 ^ 


Where A-^ and A 2 are the two areas 

and V 2 are the two velocities. 
Subscript 1 relates to the smaller size. 
Subscript 2 relates to the larger size. 
Putting this value of h in the form 


or 

29 2 g 


we have for the value of the coefficient : 



according as h is related to or Vg* 

(c) Loss Due to Abrupt Contraction in Size. — In such case 
elementary hydraulic theory shows that the loss is due primarily 




Fig. 3. — ^Loss Dub to Contraction. 
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tracted vein which is formed just beyond the reduced opening. 
Let subscripts 1, 2, 3 refer respectively to the reduced opening, to 
the full size and to the contracted vein, and as above let A denote 
area and v velocity. Then applying the formula of (b) for abrupt 
expansion we have for the loss due to the obstruction : 



The ratio A 2 /A^ depends upon Rankine gives the following 

empirical formula for the ratio A^jA^ : 

A^_ -618 

^1—618 

From which we readily find 



A^ *018 

Putting the above value of h in the form 

( 29 ) 

we find by substitution in (27) and (28) the following values 
of ^ : 

TABLE VII 

AJA^ *10 *20 *30 -40 *50 -60 *70 *80 -90 1*0 

k . .229 49 18 8-1 3*9 1*9 *86 *33 -07 

In connection with the same loss BeUasis* gives on experimental 
basis, values for the coefficient of contraction A^/A^ as follows : 


TABLE VIII 

AJA^ *10 *20 *30 -40 *50 -60 *70 *80 -90 1-0 

*624 *632 *643 *659 *681 -712 *755 -813 *892 1-0 

These are the coefficients referred to in connection with the loss 
due to contraction, and differ but slightly from those given by 
Merriman’s formula. The product of the two ratios {AJA^ (A^jA-^ 
gives A^jA^- After the analogy of (25) the value of the coefficient 
k with reference to the lower velocity will be 

Kj:-')’ •<“> 

Using this formula with the values in Table VIII we find k as 
follows : 


* loo. oiu 
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TABLK IX 

AJA, -10 -20 -30 -40 -m •«) -70 -HO •!«> I'ft 

Jk . . 226 48 18 7-8 3-8 2-1 -80 -2!) ■(«! 

The agreement between the two netn of vahujH in Talik'x \T I nm} 
IX is very close. 

(e) Loss of Head Through Valves.— A valve may la* eonHielmd 
as a special form of obstruction. The loss of head in fiowiii}? 

through [lartially f)p(-n valves of the gate 
^ Jjj |,„(terfly tyjic*, 

in Kg. 6, isfound to ngre(!a|i{>ntxiiimtely with 
the values given by <27), (2K), or Table VI 
Thmforo if wd havrgivcin ilit? aruiKif 





Tia. 5. — Loss Due to 
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Ratio K/D -06 -10 
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•30 
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(see Fig. S) 
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be noted. The agreement, however, is perhaps quite as close as 
could be expected, and the divergence in any ordinary case would 
be unimportant. 

In the case of a plug cock, as in Kg. 7, these values for the loss of 
head are relatively greater, as indicated in the following table : 

TABLE XI 

-10 -20 -30 -40 -50 -60 -70 -80 *90 1-0 

k . .430 93 35 15 6-8 3*1 1-5 *55 -11 

These various formulae and values for loss of head through 
valves rest largely on Weisbach’s experimental results. These 
experiments were carried out for the most part on relatively small 
sizes and extension of these results to large sizes is attended with 
some measure of uncertainty. Further experimental results are 
much needed in relation to these various problems. 

(/) Loss o! Head due to Bends and Angles. — ^When bends, 
curves or angles occur in a pipe line, the change in the direction 
of flow wiU result in a loss of head depending primarily on the 
suddenness of the curvature or on the 
abruptness of deviation of the stream line 
flow. This loss is due to the work required 
to bring about the readjustment of the lines 
of stream flow and also to some degree of 
abrupt contraction and expansion with 
eddy formation as indicated in Fig. 8. 

Experimental work during the past 
fifteen years in particular has served to 
caU attention to two important features 
connected with the flow of water around a 
bend or turn, as follows : 

1. In the flow of water around a bend or 
turn, the curve showing distribution of 
velocity over the cross section suffers 
marked distortion. Instead of an approxi- 
mate ellipse the curve becomes distorted with the peak of maximum 
velocity carried over toward the outer or convex side of the curve. 

2. The influence due to a bend or turn extends far beyond the 
limits of the bend or turn itself. On the upstream side, at least 
for a httle distance, the stream wiU show some changes in pressure 
and distortion of velocity curve due to the changes produced at the 
turn. On the downstream side, the influence of the elbow or turn 
extends to a very considerable distance, showing just below the 
turn marked distortion of the velocity curve and of the pressure 
distribution. This distance seems to vary with many factors, but 
is usually found between 50 and 100 diameters of the pipe. 

It follows that the actual influence due to a bend or turn is 



Fig. 8. — Loss at 
Elbow. 
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distributed over a considerablo length of end it in thereforo 
necessary to define with care the meaning <»f the f^Tiii " Ionh due So 
a bend or turn.” As wo shall here use this term, and « i(h referem »• 
to the numerical valims given, it will imply the dilfererti e iH-twei-n 
the Mai loss of head over the entire length of j»|H' inlluem cd 
the bend or turn, and tin* loss projsTly ehargeable to /tn e.jUid 
length of straight uniform pijK! with tlie same h.vdraniir (iroiM rli.- 
and operating with the saimt velocity. We may proiierly aniomie 
that this difference is due to tla* introduetion of t ia' 1 h nd uif h the 
resulting change in the dinadion of flow and the attendant i iri nm 
stances as noted above. 

Again the loss thus (hdined may !«■ liewed in either of ivm 
ways : 

1. In the same manner as in (u), [h), {,) it may !»• related dim tl% 

to the velocity hcjul, through a <-oi'(iii ieiit k. In ,mi. h i a, .- i 

wiU depend on the ratio of th<! nuliiis of the pi {«• to i h,. mean radiu 
of the bend, on the angle eoven-d by tlie Ix tid. <.n the w/..- ,,t I la- 
pipe and doubthiss on the vehicity r. 

2. The loss may Im expre.sHed in foriiw of the I. i)j..th of uraij-ht 
pipe which, under like hydnmlit! <-ondili<.iis. would : lu.w the came 
loss. This gives a ready expression for th- loo, in i.nm, of Ijm .,} 
feet of straight pijx) in k-niw of diami t<Tj. of rtraighi pi,«-, „r in 
terms of the loss due to a length of straiyht pip,- .rjmd to ij,.. 
mean radius length of tlm Is-nd <tr turn itself. 

The earliest extend<*d exjs’riments ^,n thiasiihj*'* ! tteo’ ma<h- bv 
Weishach with rcssults as folli,w« for the vain,, of i hi the formula' 


A . F 
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-025 tc* -02iL thi^ valueg in Table XII into termB 

of thet cM|iii valiant length of ntraight pi|)t^, wo have the foUowing : 

^rARLE XIV 


DfH . 

*40 

•no 

*HO 

LOO 

L20 

L40 

l-OO 

1*80 

2*00 

HjD . 

2*50 

1017 

U25 

LOO 

*82 

•71 

•03 

•55 

*50 

L, . 

*7H 

m 

M7 

LIU 

2-44 

3-07 

5*45 

7*83 

11 -OO 

L. . 

1-H7 

2*i:i 

2*H0 

:i*H7 

feHT 

8-80 

13*07 

18*80 

20*4() 


III the nhovo iahlo Aj givi^n the Ic^ngthn of Biraight 2-inch jnpo 
with Darcy ooeflklont cH|in valent to the oxccbb Iohb duo to 

the elbow, wliile givort tiiii Birnilar lengtliB for 4-inch pipe with 
I >fir«\y flieieiit *i ^25. 

WilliitiriH, !fublM*ll and F<*nkc*lh'^ n^porting on an extendod 
iiivoHtigation on enrvi* Iobh in bCg* f‘4hovvH in larg(^ pipoB, give rcKultH 
for II MO ineli which indicalo a (‘oniinuouHly huToaBitig Iohb 

wiili iiicrraHo in the ratio Th<^ gtuioral r(^H\dtB for thiB hIzo 

pi|i<^ lire Blanvri in ilio following : 

TABLE XV 


Hit) 

. 2» 

10 

10 

0 

4 

24 

k , 

. M 

•!f0 

-H2 

•05 

•27 

•24 

f/lBH 

. 1H(> 

122 

I Of) 

82 

25 

21 

In thk table the Br*(*ond line glvim the value < 

r)f k in th(^ formula 


/# wliilo tlio iflird line givoK the length in f(H;t of Btraight 

JUMiieh ec|iiiviilf*rit to the oxcobh Iohb due to (dhowH. 

Thtf veliM^itieB involved in the ex|K*riinentH hmdlng to tlu^ n^HultB 
in Tiible XV were nil Imv--- from 1 to 2*5 |kw B(,H^orHl. 

A:i a reHuti of an extended investigation on h(V' (dliowH in 2-ine-h 
and Lineli Brigtd inoref found n^BultH whhdi he (^xprc^BBtuI 

in the form of eiin'eM i-ihowiiig valueH (if th(^ (exe-c^HH Iohb in bvnnH of 
head, Thf^ vidue of in the (5iezy formula for avcwag(' pifw of 
tliene nr/m may t#e taken lit 1 10, Using thi.s valine and (!on vesting 
the viiJueM drawii from Brighiinore h eurven w'e have the following : 


TABLE XVf 
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Tn the above table the first column under .-ach velncitj arnm the 
vaSe of rirtho equation U=kv^/2i/. while the s.vcu.l rnhunu 
gfves the length in feot of straight 4-mch pijx^ e.,ui valent K. the 
excess loss' due to elbows. 


i?/o 

14 

12 

10 

8 

6 

4 

2 
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TABLE XVir 


Size of Pipe 3 inches. Velocity in (fs). 


5 

•13 !■!> 

■17 2-0 

•24 2-H 
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•34 4-0 
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•43 feO 
M2 13-1 
Values of i anil 
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•31 

4IK 

4-5 

•:i!> 

'32 

:i-7 

•:iii 

•12 

441 

•42 

1*31 

I5‘2 

i’lH 


of eiiuiv/ili*nl li ofith, 


!•,'» 
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In the above table the first nduimi iindiT twh veh.rily giv.-s 
the value of Jt in the e.(|imtion /> tthil-' tb- wmiid rolumn 

gives the length in feet of Ktraiglit 3 iii<h pijw ••.inivali-tit to 

the excess loss duo to elbows. 

In Brightmoro^H ox}>iTiin<*nt'H tlit^ I'iiwiw mI riili** witw 

represented by a "^IVo plugged nt one <»uilt l. 

Reporting on the resuly of un exh*nd* i| jiiv«'f«l»gntiMU on 111 
elbows in a 6-inch pipe lint!, hkdioiliT* givei* requite t» ; 

TABLE XVin 

Velocity in (b). 
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14*1 

10 

•21 

«•(> 

•|« 

4*rp 

•11 

ri-:i 

•OH 


8 

•28 

7-8 

*21 

tl*2 

■17 

fri 

■13 

■I'l 

6 

•28 

7-8 

•21 

fhl 

•17 


■11 

l•rl 

6 

•14 

•bft 

'12 

3*3 

•11 


•11 


4 

•24 

«•« 


fr3 

•111 

4*7 

■12 


3 

•21 

5-8 

'IK 

frl 

•It} 

l■•l 

■12 

:§‘n 

2-16 

•22 

(h2 

'HI 

fH 

•17 


■1.4 

■14 

1-00 

•25 

7'0 

'21 

11*2 

■l« 


•Ifi 

141 

1-76 

■24 

0-H 

•24 

fMI 

■23 

ihH 


g‘M 

1-34 

•39 

lO-H 

-33 

ihU 

•.IJ 

H4I 

■26 

h4 


Values of t anti of t'ip(iv»l»nt ifngili. 


•“Trails. Ami. Sw. t’K./' V«J. LJtil, 
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In the above table the first column under each velocity gives the 
value of h in the equation h=kv^l2g, while the second column gives 
the length in feet of straight 6 -inch pipe equivalent to the excess 
loss due to elbows. 

In converting from one set of values to the other the following 
values of the coeiBficient G are employed, being those given by 
Schoder for the particular pipe and velocities employed. 


V 

G 

3 

120 

5 

122 

10 

124 

16 

126 


In connection with the same investigation Schoder reports 
measurements on certain lengths of 8-inch pipe line containing 
slight bends, one of 3*8°, and a reverse curve of 2*18° in one direction 
and 2*81° in the other, all of which failed to indicate any measurable 
loss due to the bends. 

In discussing Schoder ’s results, Davis* gives values of the loss 
due to 90° elbows in a 2-inch line for a number of different values 
of RjD, These are given in terms of loss in head in feet. From 
these results we may derive the following : 

TABLE XIX 

Size of Pipe 2 inches. Velocity in (fs). 


IjD 


5 


15 

10 

•31 

2*4 

•43 

3-4 

5 

•19 

1*5 

-40 

3-1 

2*5 

•26 

2*0 

•40 

3-1 

M5 

•46 

3*6 

•60 

4-7 

*oot 

1*65 

12*9 

1-60 

12-5 


Values of k and of equivalent length. 

In the above table the first column under each velocity gives 
the value of k in the equation h=kv^j2g, while the second column 
gives the length in feet of straight 2-inch pipe equivalent to the 
excess loss due to elbows. In converting from one set of values to 
the other a t 3 rpical value of (7=110 was employed. 

Experiments on a wide variety of small and medium sized elbows 
and fittings have given indications as below for the value of A; in 
the equation h—kv^l2g, 

* loc. cit. 

f Represented by a Tee plugged at one outlet. 


28 


HYDEAULICS OF PIPE LINES 


TABLE XX 


Description Velocities h 


Black mall, elbow (old) 

2, 6, 

10 

•82 

•76 

•72 

f"' Galvan, mall, elbow (new) 

2, 5, 

10 

•57 

•53 

•50 

1" Black mall, elbow (old) 

2, 5, 

10 

•76 

•70 

•67 

V Cast-iron elbow (old) 

2, 6, 

10 

1-02 

•95 

•90 

2" Mall, iron elbow . 

2, 5, 

10 

•74 

•72 

•69 

3" Cast-iron elbow . 

5, 10, 

25 

•54 

•54 

•53 

4" Cast-iron elbow . 

5, 10, 

25 

•61 

•58 

•54 

6^ Cast-iron elbow . 

5, 10, 

25 

.•50 

•48 

•48 

2" Cast-iron Tee and plug (water 
leaving branch) . 

2, 6, 

10 

1-85 

1-91 

1-88 

Same Tee as above (water en- 
tering branch) . 

2, 6, 

10 

1-43 

1-55 

1*63 

3" Cast-iron Tee and plug (water 
entering branch) 

5, 10,25 

1-45 

1-43 

1-37 

4^ Cast-iron Tee and plug (water 
entering branch) 

5, 10, 

25 

1-55 

1*41 

1-22 

Same Tee as above (water leaving 
branch) .... 

5, 10, 

25 

1-24 

M7 

MO 

4" Cast-iron Tee filled in to make 
square elbow 

5, 10, 

25 

MO 

1*07 

1-07 


Throiighout these various values of the loss due to 90® elbows, 
there is found considerable divergence among the various experi- 
ments and abundant evidence of irregularity and inconsistency in 
many of the results. These are doubtless due, for the most part, to 
the difficulty of eliminating the influence of obscure and secondary 
causes which have no representation in the scheme of the investiga- 
tion or in the final formulae deduced. The trend of the investiga- 
tions indicates, as would be expected, a general decrease in the 
loss with increasing value of the radius of the bend. The results 
of Brightmore and Schoder all agree, however, in indicating an 
increasing value for the loss, to a local maximum, for values of 
BjD from 6 to 8 or 10 , and followed by diminishing values for 
greater values of RjD. The results of Davis indicate a similar 
condition, but were not carried far enough to determine the de- 
creasing values of the loss for values of RjD greater than 10. The 
lowest values of the loss for values of RjD less than 6 or 8 seems 
to be indicated for values from 2 to 4. ^choder’s low values for 
i2/D=15 and high values for i^/i)=20 seem to be abnormal and 
inconsistent with each other and with the other results. The results 
of Williams, Hubbell and Fenkell stand alone in indicating a 
continuously increasing value of the loss for values of RjD from 
2-4 to 24. Either some undetected source of error is involved in 
these results, or the value of the less is gradually increasing toward 
a maximum at some value of RjD beyond 24, after which it will 
decrease. It is obvious that as the ratio RjD indefinitely increases, 


GENEEAL HYDEAULIC PEINCIPLES 


29 ' 

the excess loss, as compared with an equal length of straight pipe, 
must approach zero and hence the values of the loss cannot indefi- 
nitely increase with increase of EjD, 

These irregularities and inconsistencies indicate two things : 

1. The experimental evidence at hand is neither sufficient in 
amount nor consistent enough in character to permit the develop- 
ment of a satisfactory general formula for curve loss. 

2. The influence of secondary features, such as irregularities in 
form or surface condition, or irregular and turbulent conditions 
of flow which occasionally develop, seem sufficient in importance 
to entirely mask the general trend of the system of phenomena 
expressed in terms of velocity, size and value of B/D alone. 

General Considerations. — The following general considerations 
may be noted in connection with these various minor losses of head. 

The loss due to an abrupt enlargement is usually more serious 
than that due to an abrupt contraction. In either case, as noted, 
the loss is due primarily to the eddy formation resulting from an 
abrupt enlargement. When the ratio is small and the loss 

is correspondingly large, the loss for abrupt expansion will be the 
larger of the two. When the ratio AJA 2 approaches 1 and the loss 
itself becomes relatively insignificant, the loss for contraction 
will become the larger of the two. These results are readily verified 
from the formulae and tables of (b) and (c). 

The flow of a liquid past a sharp edge is always a fruitful source 
of eddy formation and of loss of head. The presence of a sharp 
edge projecting into a flowing stream means an abrupt change in 
the cross-sectional area and a corresponding abrupt enlargement 
or contraction or both. 

In order to minimize these various sources of loss it is clear that 
all abrupt changes in stream Hne flow must be avoided, and in 
particular any abrupt enlargement of cross-sectional area, any 
flow over or across sharp edges, or any abrupt change in the general 
direction of flow. 


10. General Resume of Loss of Head in Pipe 
Line Flow 


It thus appears, in connection with the flow of water through 
a pipe, that there are a considerable number of sources of loss of 
head. These may be classified as follows ; 

1. Loss of head due to friction denoted by h as discussed in 

Secs. 2-5. 

2. Loss of head due to miscellaneous turbulence caused by 

abrupt changes in direction or velocity as discussed in Sec. 9 
and denoted also by h. These various items of loss due 
to turbulence are all explessed in the general form 


s<z\ 


■3550 


So 
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where A; is a coefifilcient to he determined according to the 
details of the case, and as discussed in Sec. 9. 

It appears that the values comprising loss (2) are usually small 
in comparison with those of the frictional loss (1), and with suit- 
able dispositions they may in many cases be rendered negligible. 
In any case taking the values comprising loss (1) proportional to 
v^, the total loss of head may be expressed in the form 

Lv^ -jjS 




.(31) 


Where Sh denotes the sum of all the coefficients h for the various 
secondary losses discussed in Sec. 9. This may be put in the form 

Kw+f)-'' 

In this equation Hhj^g may be considered as a supplementary 
term modifying the principal term LjC^r. In most cases, as noted 
above, the supplementary term will be small compared with the 
principal term, and in consequence it is very often neglected ; 
or otherwise is considered as included within the margin of un- 
certainty which must attach to the selection of a value of C, or 
of the roughness coefficient in Kutter’s formula from which C is 
determined. 

In dealing with practical problems it is therefore customary to 
select from judgment either C direct or a value of the roughness 
coefficient which will determine C, and to assume that within the 
necessary margin of uncertainty concerning these values, the 
resulting value of h or friction loss, wiU adequately represent all 
loss of head throughout the pipe. 

It should not be forgotten, however, that the items comprising 
loss (2) may require special recognition, and in such case suitable 
estimates or allowances must be made. Thus in case the flow 
passes through a partially closed valve the loss of head may be very 
considerable, and in such case due allowance must be made for the 
value of such loss independent of the estimates for determining the 
value of the friction loss by the usual formulae. 


11. Special Relations 

The following relations which wiU be found of frequent value in 
the discussion of various problems may be conveniently assembled 
at this point. 

(a) Friction head l^=loss of energy per pound of water in 
traversing distance L. 

Lv^ 

(&) gr^=loss of energy as in (a)=work done in carrying one 
pound of water through distance L against 
frictional resistance in pipe. 
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(c) 

(d) 

(e) 

if) 

ig) 

{h) 

(»■) 

O') 

{k) 

il) 

(m) 

(n) 


io) 


^^=frictional or skin resistance per pound of water in pipe. 

wAL=-wQi^t of water in pipe in pounds. 
wALv'^ 

""Oh'"' 


-wATi—toi2^ frictional or skin resistance for pipe as a 
whole. 


wAv=Tdi>ie of flow (pounds per second). 

1 lwAv=tim.e for flow of one pound past a given section. 
wALv^ 


Ch 

wALv^ 

'~C^ 


■X 


WLv’^ 


Ch 
wALv^ 

wALv dv 

g ^ 

wALv dv 


=rate of work against friction for entire pipe. 

^^^j^=^^=^=work done against friction in entire 

pipe in the time required for the flow of one 
pound past a given section. 

:prA=work done against friction in entire pipe in the 
time required for the flow of weight W past a 
given section. 


total kinetic energy in pipe. 

=time rate of change of total kinetic energy. 
1 


^ L dv ^ 

3 -=change in 
dt wAv g dt ^ 


kinetic energy in the 


L dv 
g dt 


time required for the flow of one pound past a 
given section. 

=measure of an accelerating head. 

Suppose an unbalanced pressure p at one end 
of the pipe, acting on the cross sectional area A. 
Then fA^toioX pressure acting as an acceler- 
ating force on contents of pipe wAL. Then 

dv Force pAg ^ L dv 

- g= 


acceleration = 


dt Mass wAL 


w 


WL dv 


accelerating head. That is — ^ is the measure 

of an accelerating head acting over the cross 
section A and producing an acceleration dvjdt : 
or again, an unbalanced head H acting at one 
end of a pipe will produce an acceleration in the 
velocity of movement of the contents of the pipe 
measured by dvjdt==gHIL. 

=change in Idnetic energy in the time required for 


^ the flow of weight W past a given section. 
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12. Distribution of Velocity Over Cross Section 

OF Pipe 

Pitot tube measurements have been made by many investigators 
over the cross section of a pipe running full. The results are not 
altogether concordant and the law of distribution of velocity is by 
no means definitely assured. Errors of observation, effects due to 
pulsating movements and to turbulence, and obscure influences due 
to velocity and roughness have doubtless contributed to this result. 
In Fig. 9 let the velocities at varying distances along the radius be 
observed and set off from AB parallel to the line of flow and located 



Fia. 9 . — ^Variable Flow over Cross Section of Fife. 


at the points of observation. The general result will be a curve of 
the form GDE showing a velocity AC at the outer surface of the 
stream, a velocity XD at the centre and a varjdng distribution of 
velocity between the centre and the surface as shown by the curve. 
The chief points of interest in such a curve are the following : 

1. The relation of AO to XD, the velocity at the surface to that 

at the centre. 

2. The relation of the mean velocity to XD, the velocity at the 

centre. 

3. The radius at which the actual velocity will equal the mean. 

In Fig. 9 let AF be the mean velocity. Then the actual velocity 
XL at the radius XK will equal the mean velocity AF, 

Bazin, Williams, Hubbell and Fenkell, Cole, Schoder and others 
have made observations on the form of such a curve and the 
observations generally indicate for ODE a curve shaped much like 
an ellipse. There is considerable variance in the relation between 
AC and XD. Williams, Hubbell and Fenkell came to the conclu- 
sion that the surface velocity was about *50 that at the centre. 
Cole’s measurements indicated a ratio of *60 and more. It is clear 
that the mean velocity will be the height of a cylinder AFOB whose 
volume is equal to the solid of revolution formed by revolving ACD 
about XD, If the elliptical character of CDE is assumed, the latter 
win comprise a cylinder plus a half ellipsoid of revolution. It is 
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weU known in geometry that the mean height of a half sphere or 
ellipsoid of revolution equals 2/3 the height of the body. Hence 

AF=Aa+2l3Ml), 

Denoting AF by AO by Vg and XD by Vc, we find immediately 
^m='Ws+2/3K-«.) 
or v^=2l3v^+ll3vs. 

If then Vg == • 50 we have 
«;^=*833ve. 

If Vg=-60vg we have 

In any case it is readily seen from the properties of the ellipse, 
that the point where the height of the curve is 2/3 the maximum 
height is at •745r. Hence if the ellipse may be assumed as a close 
approximation to the general character of the curve of velocity 
ODE, the mean velocity will be found at a point close about •76r 
from the centre. 

In any measurement of importance dependence should not be 
placed on such a relation and one or preferably two complete 
traverses with the Pitot tube should be made across diameters at 
right angles to each other. 

Bellasis has compiled from a number of somces the values given 
in Table XXI showing the ratio for a number of different kinds 
and sizes of pipe, and at various values of v^, 

TABLE XXT 

Table Showino Values oe Ratio of Mean Velocity to 
Oenteb Line Velocity in Pipe Line Flow* 



Diameter 


Mean velocities in feet per second 


Kind of pipe 

of pipe 
in inches 

•78 

1-6 

2.5 

3-5 

5 

8 

14 

Brass seamless . 

2 

•70 

•73 

•77 

•79 

•80 

— 

— 

Cast iron . 

7-5 

— 

— 

•80 

•81 

•82 

•83 

•84 

Cast ii’on . 

9-5 

— 

•80 

•81 

•82 

•83 

•84 

•85 

Cast iron with deposit 

9*5 

— 

•81 

•81 

•82 

•82 

•83 

•83 

New iron coated with 
coal-tar 

{ 16 
i 30 

•75 

•83 

•82 

•83 

•83 

•83 

•84 

•84 

•84 

•85 

•85 

•85 

•86 

•85 

Cement 

New iron coated with 

31-5 

— 

— 

— 

•85 

•86 

— 

— 

coal-tar 

42 

— 

— 

— 

•86 

— 

— 

— 


13. Mean Velocity and Mean Velocity Head Over 
Cross Section of Pipe 

The experimental investigation of the velocity over the cross 
section of a pipe gives a result as indicated in Sec. 12. It becomes 
a problem of interest to determine, from such a distribution of 

*** Bellasis, Hydraulics," p. 129. Rivingtons, London. 

U.P.L. — I) 
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velocity, the volume flow and kinetic energy of the stream, or 
otherwise the mean velocity and the mean velocity head. 

In Fig. 10 let the annular rings denote a series of elements into 
which the cross-sectional area may be divided, and over any one of 
which the velocity may be considered uniform. 

Let a denote the area of any one such annular ring or element, 
V the velocity over this element, ^^he corresponding element of 
volume flow and l\K that of kinetic energy. 


Then l\V—av 
^ „ wav^ 

And V= Sav 






where, as usual, 2 denotes the summation of a series of terms, all 
similar in character and made up by multiplying each a by its 
appropriate value of v in one case and in the other. 

The general procedure may there- 
fore be outlined in the following 
steps : 

1. By means of Pitot tube obser- 
vations obtain a series of values 
of -y at a series of points along the 
diameter of the pipe, or preferably 
along two diameters at right angles. 
These points may be so chosen as 
to come in the middle of a series 
of annular rings, as in Fig, 10. 
These values for the two diameters 
may then be averaged so as to 
give a mean series for the mid- 
points along the radius. 

2. The values of a are then 
determined in accordance with the 

successive values of|the radius. 1 

3. Each value of a is multiplied by the corresponding value of v 
and the products summed. The result will give F, the total volume 
flow|in (f3s), This^divided by the cross sectional area of the pipe 
wiU^ve the mean v for the entire area. 

4. Each value of a is multiplied by the cube of the corresponding 
value of V and the results summed. This sum multiplied by wj2g 
win give the kinetic energy passing the given section in one second 
of time. This divided by wVy the weight passing the section ]^r 
second, will ^ve the mean Idnetic energy per' pound, or otherwise 
the mean velocity head. 

This general method is of such wide application that it will be of 



Oboss Section. 
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interest to develop a slightly dllTennit method for inniUng thc^ Pitr»t 
tiilM) observations. 

In terms of the calcuIwH, ami aHsumhig the width of the aniiuliir 
rings indefinitely small, we have 

Area of annular ebmemt ^Ttrdr. '‘rheii 
dV'--2itrrdr 

dK "^^v^rdr. 
il 

In Fig, 11 let /tB(J denote the values of v |iloite.d along the 
radinH OX, Then at a Herles of |K)intH alotig tlu.^ radins iakit tins 


Q 



Ficn IL— lMW<:ia4TioM wtm Whu Pi* -I pwiiiatiom row 

Vc.ii.UMS Flow* FsKiiav Fr.ow. 


vaipe of u, mnltiidy it by r and set cdl the* |irodue.t m the ordinate 
of a new curve OIHJH. Thus ///^■ OO'xJ^M and aiinilurly for all 
other pointH. Then the (U,irv<^- OP^H will repn^aent tdie diatribniloii 
of tlie prodU'CJt w alotig tlii* riwfitiH. Hie area of thin c^nrve taken l»y 
planimciter, or othe-rwise, will give- the inti.*graii«n of wdr, liiid IIum 
multiplied by 2ft will give the value of F, 

HimHurly in h%. 12 hdi /IM'/ denote? the valneH of ph-itbal iihmg 
OX: and OPQB, ii eurvi,* derived as in Fig. II by innlti plying imeli 
value ii thci orcliriiitit m IM by the eorre«|«iitding riidiiw (flK Hieri 
the curve OPQR will ri^premuit the diatrilnitloti of tlit^ prodtiet ff¥ 
along the mdiiiii iind the iireii of this curve by }ili«iiriief4»r or (*llier“ 
wiw will give the iiibtgration of aVrfr, and this riiiiltijilical l.iy wir/g 
will give the value of K* 

14* Hydbaulio Qraoieht 

Writin-g again i}ii>p*neral energy eiiuaiioit m in {!) we hair 

f'-'i 


36 




HYDEAULICS OF PIPE LINES 

In Fig. 13 let J2 denote th.e reservoir -with vater level at NN . lAt 
ACDB denote a pipe line with discharge at B. Let XX denot^he 
base or datum line from which we measure gravity bead z. Then 
within the reservoir at the surface NN we have pjw^h (where 6= 
atmospheric or barometric head), v=0, h-=Of z=Hq and hence 
hlw+HQ=Zf^. That is the entire head is measured by the 
gravity head Hq plus the atmospheric head bjw, and the gra^ty 
head Hq is measured by the elevation of the surface NJS 
above the datum line XX. To simplify the present discussion 
suppose the pipe ACDB of uniform size. Then the value of v will be 
uniform throughout the length, as also the value of the velocity 
head j2g. Suppose this value laid off as a vertical distance from 



NM downward giving the line QB. Then the vertical intercept 
between NM and QB will, at any and all points, give the value 
of v^l2g- 

Suppose likewise a line TW laid off above NM at a vertical 
distance equal to the atmospheric head hjw. 

Next suppose the value of h to be computed for the various points 
along the line, giving in each case the total loss of head from the 
entrance A to the given point P, and let the values he laid off as 
vertical ordinates from QB downward, giving the line Q8. It may 
be noted that strictly speaking the line QS will start at Q a little 
below the velocity head line QR, the distance between the two lines 
at Q denoting the value of at Q which will be measured by the 
entrance loss as discussed in Sec. 9. 

Next it is clear that the line of the pipe AGDB gives graphically 
at any point the value z as the vertical distance above the datum 
XX. Hence at any point P it follows that z^JPM, Ji=GFj v^l2g= 
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JO, b jw^JU and Zq=EU. Hence comparing with equation (33) it 
follows that we must have ffw^FP-^rJU- 

That is, the total pressure head within the pipe is measured by 
•fclie sum of the two intercepts FP-\-JU. But the latter of these 
rneasures the atmospheric head or pressure and hence the former 
must measure the head or pressure above the atmosphere ; or in 
other words, the head or pressure which would be indicated by an 
ordinary pressure gauge. 

It follows that if an open-end vertical tube were inserted in the 
]pip 0 at P the water would rise in such tube up to the level F, thus 
indicating directly the pressure head at P above the atmosphere. 
Again, if a series of such tubes were inserted along the length of the 
pipe from Ato D the water levels would all lie on the line QS, 

The line QS thus determined, is called the hydraulic gradient or 
tLydraulic grade line. Again any point on this line as F is called 
^ hydraulic grade ’’ for the corresponding point P on the pipe hne. 
The hydraulic grade line may thus be defined as a line any point of 
which is vertically above the pipe line a distance equal to the 
pressure head above the atmosphere in the pipe line at such point ; 
or conversely as a line any point of which is vertically below the 
s1}atic level line a distance equal to the sum of the velocity head and 
lost head for the corresponding point in the pipe line. 

It must not be forgotten that the pressures and pressure heads 
iiidicated by the hydraulic grade line are measured above the 
sthmosphere and that in terms of absolute pressure the pressure in 
i>lie pipe or the pressure head will be greater than the amount thus 
indicated by the pressure or pressure head due to the atmosphere. 
Thus at P (Fig. 13), the pressure head above the atmosphere is 
denoted by PF while the absolute pressure head is denoted by 
JPF+JV. 

Again, in Fig. 14 let ACB denote a pipe line with entrance at A 
Sbicid discharge at B. Let QFS be the hydraulic gradient and TMW 



•blue line of atmospheric head above Q8. Then at the points P and 
W the pressure in the hne will just balance the atmosphere. From 
^ to D and from E to B the pressure will be greater than the 
a.timosph 0 re, while between D and E the pressure wiU be less than the 
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atmcmpliara. At (1 iha prmmm* will Im ii iiiiiiiiiitiiii, mmmtml 

by OF Inflow iha atmfmphan* or 03! iiIkivp iilmoliitr prtmmn^ 

It ia thiw clc.?ar tbat if nay pari «if tbo rtf rimm ti}#rivr 

the hydraulic; griido lino t-ho proaaiiro m'illiiii fiiif;ti purl of liiip 
will k*HH thnii that of tho airiK»aplifrt% 

If> f«rtht;rmc»r<% tha lino Hhoiild rhii^ atiflit-ii^illy tin* 

hydraulic; grado line* (/F to jtiai rmvh tim iiliiiowjilii'rsr* linul linr* f IP, 
than iha almoluto primium; at Hiirli piiiil in pifit^ w-iil ; nr 

morc^ aicaaily ii will b* r<ahif*<*d totJii'* }'*rrafairt*of %*ii j'^rmr 

tha kunfMTaitin* of flio wak^r at tlu^ givni jKfint,. Tln’^ prim^iiirr of 
'wator vapour at ordinary toni|M*ratiiroa ia vi-ry fotuill nnti it !« 
cuiatoinary if» iioglca;! ita inliuonro im ordiiuiry iirolilniw of lim^ 
flow. Tlio wmirr at ^iicdi wnuld tliorr'inrf’ in liio mnm 

phyaioiil c'ondition bm in a lad! jiir oiliaiititrfl iindr'r nn iiir |itiitiji In ii 
viMUitim, or mcirt.* oitaolly k* ii rtirrrajaanlinii tn tln' 

vapnir proaaurn iii if«^ kuii|M*rattirr id iiio iratrr. 

if iigaiii ihf* lint* of tlio pip«i ahritiiil at any rii«’ tlio 

lina 7W ii watild imply a iif*galivo |iri»iirt? in IfP'^ wiitrr, nr in 
oihor worda ii toapion iiiatiunl of a voinj'iri-wpin A loiiiiipii 
howevor, fm dovi*lo|.M"il in a of In iiiwwpr to tin.!- 

c;ondiiiona whioli might trad to up m tmmm llir atn^nii will 
broiik and ihit I’oiidttiona id (Tmtimmtm Binmiy Ikm mill ipi longrr 
ttbiaiin 

Actuiilly, iiirbtilonoin tiiiaioafliijr’iia iintl iiikTriijtlicui of ilu^ 
t;oncliiioiia of atirndy llt»w mill rriiiili f^isiir-mlnti tudof**^ tin* prrwiiro 
ii mdumd in mtHh lliia m dtm in krgr- mmmim to tlir litii::^riit:ioin. 
undor iho riidtitnit pri*^iinn trf tho iiir wliirii m noritnilly fndd in 

solution ill lltfi wak*r. 

Tho ri»o of thii pifu! at any }aiint mlmwn llii* liyilraiilir gwdo lino 
imulia in a ooiiclitioii of mmUmly Horn? mitli tmgnlftr l.tirluilriirp giiil 
a kiidniitiy to mi iiji pmmUim in fli«« 

|mri Imyorid fcho jaunt wliioh fikivo tin* hnif-o tfio 

fprado lints mrioa miifi thi^ viirrity or milh Iho riilo of iliw liargi*, ii 
is oliiar that in iirty pii-itf lint% anott m in Fig. 14* mdt tn^ mmw 
critical volmity whhdi will Jiiat firing tlw» gfuth* iiiip In llip iiumJi* 

For lower vdfMdtii^ O will Hit tadow tlp« griwk lino antf fi^r 
vclodttes akivo ii. 

In any mich iho Inin Wo frsiiii m ^ ' Ijiiif 

tim ^rail© line nouiy Im? amiidctl liy a snilaliln rodtioiion tif liii' vrli^it.y 

of fbw irilb tl^ corimnjiitfnt rise in lliii pario 

IR QEmmL Fo^nyLA Camcity 
T aking the €h^my formiik for vcliicitf wp t»tc 

F»t4 '®rmte of flow |f3«|. 
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Thwi Vr^ or ^ y 


.( 34 ) 


For a rouutl jhjm* ntiminK full this Iuksouioh 
H " 


V 


(35) 


Whfiro /.*.~diam. in feot : or Holving for i wo liavo 
fl'4H4F» 




( 3 (?) 


In Tablo IV will lai found tho fifth powor of numhors which with 
an ordinary lahlo of Hfpmw'a and H«|unro ro<itH will Horvo to readily 
Holvo nurnorical prohleiiiM involving thoHo hinnulio. 


16. Carrying Capacity of Round Pipe running 
Partly Full 

In Fig. lii lot AH donote the Hurfiuw) of tho wator. Then for the 
area AB(’ w« have 

/;a 

/I xia Hin 0 iio« 0), 

and for Urn woltod I'lfiriiriekir AOli wo havci 

Thfiti rtifurririg 'to (34), thn giaioral formula for (;ai'«ioity, wc^ fiud 
by subitilutkiri aticl aliiiiigii of form : 

{§- Hin a vm 

' n4 o 

Talilf* XXII ginm for fP itiforvalH th<^ 
viiltiim of tihii rigbidif'iiid f^ido of thin i*(|ya“ 
iiciri, and iil^) of til). By inoaiw of tbiH 
ifibli! wi* fiiiiy rt^iulsly dot^^rmitio Iho rola- 
tiotiM iMtiwiMJii F, C\ I, 1) iiml 0 or z, Thun 
if ific!. jiifii% thf! «lojMt ttttd tfio cjiiiirifcity $im 
givifii iMid z iff rotfulrifd, wii milwtituto tho 
givon Irt tfio litftdiaiiil »ido of (37) 

iwici fiitd tint immiffiml Thou from 

thti teblo wo fiftd afipniximalidy tho mluo 
of iiiiid tlioii tfio viiliio of Again if z or 
0, I mid F iiro givoii, wo roiulily find D 
by tiikiiig from llio titbli* tho valiio tho 
righidiaitd laiinoib^r of {37} and miviiigtho 
ronuliliig oc|iiaiioii for IK 

It will b* fiot4‘d thiif. ilio t*a|iiudty in a maximum for 0 approxi™ 
iiifitftly I fill''' iiiid z *UTAK Moro oximt arialyHiH by riH*n4iH of tho 
Ufiuiil ciilouliiii iroaf.fnoiit for iiiiixiiiia und minima hbows tint oa|mdty 



Fm, ICr— Ff4)w CJno 

001,411 HlSOIl’tON FaE" 

Tr4r,i,¥ Fiolko. 
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a maximum for 0=154® 05', zlD=-94:96. It thus appears that a 
round pipe running with an open segment at the top about 5 per cent 
of the diameter in height, will have a capacity nearly 10 per cent more 
than if running fuH. This result arises from the fact that for a 
reduction in section up to this point the beneficial influence due to 
the relatively rapid decrease in the wetted perimeter is more 
influential on V than the relatively slow decrease in the area of the 


TABLE XXII 


0 

a 

6 

0 

a 

6 

0 

•0000 

— 

95 

•5436 

1-602 

6 

•0019 

— 

100 

•5868 

2-015 

10 

•0076 

— 

105 

•6294 

2-464 

16 

•0171 

— 

110 

•6710 

2-932 

20 

•0301 

— 

115 

•7113 

3-401 

25 

•0469 

— 

120 

•7500 

3-854 

30 

•0670 

•0007 

126 

•7868 

4-272 

35 

•9040 

•0023 

130 

•8214 

4-639 

40 

•1170 

•0062 

135 

•8536 

4,944 

45 

•1465 

•0148 

140 

•8830 

6-178 

50 

•1786 

•0315 

145 

•9096 

6-334 

55 

•2132 

•061 

150 

•9330 

6-424 

60 

•2500 

•111 

155 

•9532 

6-443 

65 

•2887 

•187 

160 

•9698 

6-406 

70 

•3290 

•299 

165 

•9830 

6324 

75 

•3706 

•454 

170 

•9924 

6-207 

80 

•4132 

•669 

175 

•9981 

6-073 

85 

•4564 

•918 

180 

1-0000 

4-935 

90 

•5000 

1-233 





a=ratio of z to D, depth to diameter. 

6= value of (0— sin 0 cos 0)^ in equation (37)^ 

eTa 


section. Beyond this point, however, the influence due to the de- 
crease of area becomes paramount and the capacity decreases for 
a further reduction in area. 

It should be noted that these results presuppose perfectly steady 
conditions and a smooth water surface without waves. Actually 
there will be some wave formation, especially if there is any depar- 
ture from uniform motion, and under such circumstances the 
theoretical gain for a partially filled cross section will be much 
reduced. Under ordinary conditions it can hardly be .considered 
desirable to attempt to run a round pipe partially full for the sake 
of an increase in capacity. The same remarks apply generally to 
aU ioTWiB oi cross section, though with certain tunnel forms the 
relative advantage might be somewhat greater than with round 
pipe. 
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17. General Problem of Steady Flow 

Let AB (Fig. 16) denote a pipe line of varying cross section 
terminating in a nozzle at the (discharge end B, 

Let i^=loss of head dne to friction and turbulence in general. 

Starting from the upper or entrance end of the pipe Ime A, the 
total loss h will have continuously varying values, increasing along 
the length of the pipe according to the circumstances affecting skin 
friction and turbulence. 

Let a, Ai, Ag, A^, etc., denote respectively the cross section 
areas of the nozzle and of the various lengths of pipe of which the 
line is composed, counting from the discharge end back. 



Fig. 16, — General Problem oe Pipe Line Flow. 


Let etc (38) 

Where etc., form a series of coefficients relating the 

various areas A^, A 2 , etc., to a. 

Also let 'll, V 2 , ^8, etc. = velocities in the nozzle and in the 
successive sections of area A^, Ag, etc. 

Then Vi—'niiU, ^ 2 =^ 2 ^^ 

Let gravity or static head relative to the base line XX. 

^=total lost head from A to any point P. 
y^=head due to absolute pressure (usually atmospheric) on 
surface of water at source. 

y 2 =head due to absolute pressure at point of discharge. 
h =atmospheric head at any point P. 

^=pressure above atmosphere at any point P. 

2 j== gravity head at any point P=PP. 

Usually h and ^2 same. The heads and yg in 

the general case, however, may have any value. Thus we might 
have compressed air acting on the surface NN, or again air under 
a reduced pressure or partial vacuum. Likewise the head implies 
any pressure whatever at the point of discharge, such for example 
as that due to discharge into a tank with compressed air, or into 
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a partial vacuum, or again discharge under water and therefore 
against an absolute pressure due to the water plus the atmosphere. 

Usually the differences in atmospheric pressure are negligible, 
and in such case, and where no other pressures are involved, the 
terms in h and y may be omitted from the equations. 

In the general case we have, as in (1), the BernouiUi equation for 


steady flow between A and P as follows : 

(40) 

or J ^1+6+1+^^ (41) 

Putting (41) into words we have : 


The difference between the values of the total lost head h corre- • 
spending to any two points such as P is equal, with the opposite 
algebraic sign, to the aggregate change in the actual head (p/«^+ 
&+'y 2 / 2 gr+ 2 :) between the same two points. 

In applying these equations there are five variable terms in- 
volved, of which four must be known in order to determine the 
fifth. In the usual procedure h is expressed as a function of v by 
means of the formulse of Secs. 2-6 and 9. 

At the point of discharge through a nozzle or valve, however, 
there is usually a special loss which must be otherwise expressed. 

Taking the datum for z at the level of the valve or nozzle, the 
absolute pressure head just back of the valve will have the value 

(42) 

where h is the total lost head between A and B. 

Just beyond the nozzle, at the point of discharge, the absolute 
pressure head is 

The . difference between these two measures the net or resultant 
pressure head acting between the two sides of the valve or through 
the nozzle. This net pressure head is then H’\~y-^—y^—v-^l2g--h, 
Adding to this the velocity head v^j2g we shall have the total net 
head available for producing the discharge velocity u at the mouth 
of the nozzle and hence the external velocity head u^l2g. This 
total net head is then HA-yx—y^—h, 

We may then consider this total net head at the valve as trans- 
formed through the valve or nozzle into the velocity head u^l2g. 
This transformation is accompanied by loss, and hence we may write 

~=AS+y,-y,-h} (43) 

where / is the efficiency of transformation. 

We shall usually call / the nozzle coefficient or coefficient of dis- 
charge, The value of / is always less than 1, approaching 1 as an 
upper limit. The difference (1—/) denotes the foaction of the total 
net head lost by Motion and turbulence in the valve or nozzle. 
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Putting Ay for y^ and substituting for h its value as in (191 
•we nave ' 


u 


-=f 

2g •' 


H + Ay-S 


,/m^L' 

\C^ 


.(44) 


■whence 


i=\/ 1 


(Ji -I- Ay) 


wH^y 


( 45 ) 


or 0 according as y-^ is greater than, 


Note that Ay will be -f-, 
less than or equal to y^. 

Knowing u we may then find any other velocity from (39). 
The ™own values of h, z and v for any point in the line may then 
be sub^ituted in (40), serving to determine 'pjw ov p for such point. 
Thus the entire hydraulic conditions throughout the length of the 
line become knownn. 

If we may neglect the loss through the nozzle, (45) becomes 

fZ^+ Ay “ 

w=v 1 




'm^L 


If in addition we have 2 /i= 2 / 2 » (46) becomes 

u=^/t 


~W 




(46) 


(47) 


If, furthermore, the pipe is of uniform diameter throughout we 
have 


!i=\/ 1 


H 




.(48) 


The value of u for any other combination of the determining 
characteristics is readdy derived from the general form in (45). 
We have, also, by combining (42) and (43), 




Whence ~=^—h-\-y. 

w 2gf ^ 


. / J) I I , 






-m-. 


(49) 

.(50) 

( 61 ) 


If the loss through the nozzle is negligible, we have 




r„+^—y 2=^(1 -mi^) 


w 


(52) 


u 
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Equation (50) gires the gauge pressure just back of the valve, 
while (51) and (52) give the drop in pressure through the valve. 

If, furthermore, t/ 2 =b, as is the case with atmospheric discharge, 

£=_(1_^,^) (53) 


18 . Pipe Line Operating with a Free 
Surface Flow 

In certain cases a pipe line may be operated partially full, thus 
developing all the hydraulic characteristics of open channel flow 
(see Mg. 17). 



Neglecting any changes in atmospheric head and taking p as 
the gauge pressure, we have for the general equation, as in (1) : 

w 2g 

At all points in the line sensibly near the surface of the stream 
we; shall have p=0, and hence as the general equation of flow near 
the surface : 

At A just inside the pipe, and where the velocity v has been 
developed, we shall have 


J?— 


or 2 J^=£r- 




(54) 

.(55) 


TMs means that just inside the entrance the level of the water in 
the pipe will have dropped below that in the reservoir a distance 
{v^l2g+'kj)j representing the head due to the velocity v plus some 
entrance loss as discussed in Sec. 9. 
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At the discharge end B we have 2^=0, and hence 


(56) 


.(57) 


2^ 

Subtracting (56) from (54), we have 



Expressing this in words, the loss of head in the line between A 
and B is the difference in level between these same points. This 
means that whatever the actual gradient on which AB is laid, the 
velocity will automatically take such a value as will consume the 
entire head B. in doing three things, as follows : 

(1) Producing the velocity v (vel. head 

(2) Overcoming loss at entrance A (lost head hj), 

(3) Overcoming losses in Line (Lost head ^3— ^^=2;^). 

Or again, in a more restricted way we may say that no matter on 
what gradient the pipe is laid, the velocity will automatically take 
such a value as wQl consume in lost head the entire difference in 
level between B the point of discharge and A a point just inside the 
inlet and where the velocity v has been set up. 

For the loss in head between A and B we have as in (3) : 


hji — Tia — 


Ch 


— 2? > 


or from (54) : 


, Lv^ 




.( 68 ) 


As in (23) we may express in the form kv^l2g where h must be 
determined by estimate. Substituting this value in (58) and 
solving for v we have 




~W 


l+h L 
2g 


.(59) 


It is very common to omit {\-\~h)l2g in comparison with LjC^r, 
or otherwise to assume that its value is absorbed in the uncertainty 
regarding the value of G. In such case we have approximately : 

Lv^ 

(60) 


and v^- 


G^r ** 
GhH 


But HfL^i the gradient ; whence 

v=C<\/vr, as in equation (2). 

In case the gradient is very steep and the developed velocity 
very high, as where the pipe is used as a free surface spillway, the 
velocity head will be too great to permit of omission from the 
equation. In this case equation (59) must be employed. This 
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equation mil, moreover, not be exact, since there will be, at the 
upper end of the pipe, a certain length over which the water will be 
accelerating from some low velocity at the very point of inlet up to 
the full velocity v. The eJBPective length of the hne for velocity v, so 
far as friction loss is concerned, is therefore not L but something 
less than Moreover, throughout this part of the pipe, the cross 
sectional area of the stream gradually contract with increasing 
velocity, and with corresponding change in r. Otherwise one may 
say that, of the total length L, a part will operate under the ulti- 
mate velocity i; and a fixed r, while the remainder, at the upper end, 
will operate under a variable v and a variable r from the inlet to the 
point where the conditions are practically steady. These con- 
ditions indeed prevail in any case, but with a low gradient and low 
velocity both the velocity head and influence on the friction head 
due to the accelerating length may safely be neglected. With high 
velocities we may stiU, usually without serious error, neglect the 
influence on h due to the accelerating length and thus obtain from 
(59) a satisfactory value by taking L=length of the hne and r 
constant. 

It should also be noted that both (69) and (60) admit of direct 
solution in case the value of r is given. On the other hand, in case 
the quantity or volume flow F is given, the equations are imphcit. 
The hydraiflic mean radius is not known in advance, since it will 
depend on v. Such a case will call for a trial and error procedure. 
A value of r is assumed, the value of v found and the resulting F, 
Thus by successive trial a value of r will be f ou^ij which wiU give the 
F desired. The relations of Table XXII will conveniently aid in 
handling problems of this character. 

In order to illustrate the error involved in using for a case of free 
surface flow with high Velocity, equation (2), Sec. 2, instead of (69), 
the following example may be noted. 

Let angle of slope=45°. 

Then ^=-7071. 

Let L=100 f. 

(7=120. 

r=*6. 

Then J?=70-7. 

Then taking ^=0, substituting in (69) and solving we find «;=49. 

If, however, we neglect the velocity head and use equation (2) we 
shall find 'y=71*4. 

The proper value of C to use in the case of such very high gradients 
and velocities is subject to very grave uncertainty. As has been 
noted in Sec. 7, there is reason to anticipate increasing values of (7 
with increasing velocities. Actual experimental values are, however, 
lacking. It we attempt to deduce any indication from the results of 
ship resistance experiments, we find an increase approximately as the 
seventh root of the speed (see Sec. 7). If then a value of 110 were 
taken as appropriate for any given case with i;=10 we should have 
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corresponding to 50, a value of (7=138. If this value were used in 
(59) the result would be v=52*l, while in equation (2) we should 
have 'y=82. There is need of further experimental data regarding 
the values of 0 appropriate to such velocities, and also regar(bing the 
importance of the length at the upper end affected by acceleration. 


19. Pipe Line Connecting Two Reservoirs 

Certain interesting problems arise in connection with the use of a 
pipe line connecting two reservoirs with the water at different 
levels. Such problems may present themselves under three 
principal cases. 

Case 1. Pipe running full or under pressure. See Fig. 18. Let R 
and S denote the two reservoirs with water levels maintained 



Fig. 18. — Flow in Conduit between Connecting Resbrvoibs. 

- ♦ 

steadily at NN and MM, and let AB denote the connecting pipe 
with nozzle or valve at R. Let XX, at the level of the point of 
discharge B, denote the datum for measuring gravity head z, and 
let iri=the excess head MB. 

Then this case is covered by the|general treatment of Sec. 17. 
Omitting any influence due to difference of atmospheric pressure 
between the locations of the two reservoirs, we have for /\y in 
equation (45), the value —Hi. 

If in addition we may take f—l, we have 



or for a single uniform diameter of pipe 

flEEi 

(62) 

2g^Ch 

Comparing these equations with (47) and (48) it appears, as we 
might expect, that in this case the velocity of discharge is the same 
as that for discharge into the air with a total head=MO, the differ- 
ence in level between the two reservoirs. 
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Again the head jnst at the point of issue is 

At some point P in the reservoir, on the same level as B but 
where the velocity has become negligible, we shall have 

This implies during the operation of bringing the stream to rest 
between B and P, the loss of head u^l2g as a direct result of the 
transfer of the energy of translation into the energy of turbulence, 
and its ultimate dissipation as heat. 

Case 2. Pipe running partly full or with free surface. See Fig. 17. 
In this case the formulae of Sec. 18 apply directly and no further 
discussion of the case is required. 

Case 3. Pipe running partly full at upper end and full at lower 
end. See Fig. 19. This case will arise when the lower reservoir is 



Fig. 19. — ^Fi^ow m Lmii Tabtly with Fbbb Suefacb and Pabtly 
WITH Full Section. 


maintained with its level above the discharge end of the pipe while 
the upper reservoir is maintained with its level only partially cover- 
ing the inlet end ; or otherwise when the water admitted at the 
inlet end is less than the capacity of the pipe under full flow. 

Under these conditions the upper end of the line will operate with 
free surface flow, while toward the lower end it will operate full and 
under pressure flow. 

Let F= volume flow. 

Ai=section of stream between A and G. 

A 2 =full section of pipe. 

Assume a valve or nozzle fitted at B serving to partially close the 
outlet into the lower reservoir. 

Let a=area of opening. This may have any value from 0 to 
the full area 

Let Vi=velocity between A and(7=F/Ai. 
velocity in full pipe = F/Ag. 
tt==:vebcity through openm 
/=KCOi^cient of discharge. 
a;=:dislance BC. 
elevation CD, 
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We may then consider the level 0 as equivalent to the level of an 
open surface reservoir with the pipe operating under the hydraulic 
conditions of Pig. 18. Referring to the general treatment of Sec. 17, 
and applying equation (44) to the present case, we have 




.(63) 


With V known, v becomes known. If then x is known or fixed, 
aU the terms in (63) become known except u. The equation is then 
solved for u from which the area a is found. This gives, therefore, 
the area of opening which, with a given V will serve to maintain G 
at any desired point. 

If, on the other hand, V and a are fixed then u becomes known and 
also V. If then the pipe BG is straight we may put z=x sin 6 and 
solve (63) for x finding 






sin 0- 


G^r 


(64) 


This gives, therefore, the location of G for a given V with a fixed 
value of a. If the line BG comprises sections of varying diameters, 
then equation (63) wiU take the form 



where the term B(Lv^jG^r) includes aU the complete sections 
between B and G and x is measured from the junction next below G. 
The location of the section containing C must be made by inspec- 
tion or trial. In each of these sections, with F fixed the value of v 
is known. Then with a fixed and u known, aU terms in (65) become 
known except x and z. If the length containing G is straight we 
may put 

z=^Zi-{-x sin 0 . 

Where is the elevation of the junction point next below G and 0 
is the angle of slope of the length containing G, The equation is 
then solved for x. 

If the length containing the point G is curved instead of straight, 
then 2 : must be expressed in terms of x according to the geometry of 
the line, or otherwise the equation is readily solved by trial and 
error. A point G is assumed and the values of z and x are found and 
tested by substitution in equation (65). 

If, on the other hand, the point G is fixed, then the right-hand side 
of (65) is completely known and it only becomes necessary to solve 
for u and then to find a. The values of % and in the free surface 
section, AG (Kg. 18) are readily found by equation (37) or Table 
XXII of Sec. 16. 


H.p.n— E 
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20. Power Delivered at Discharge End of Line 

V — volume rate of flow (AIh). 

(pffl). 

P—power (fpn). 

//^t=:Btatic head (above atmoBphere). 

II —not head— //()— A. 

Then anBuming cliHcharge into tlu^ air and negleetitig any 
oncjo in atnionpheric proBHure l>eiween thc‘. ontraiu^c^ and diwcdiiirp*'' 
ondg of tlio lino, wo have 

// —/Z L.. 

/ fl4LF^\ 

and (Of!) 

In equation (flO) it in Bccni that with givc*n F mid ot!ic‘r con(liti«>t*^^' - 
thc^ values of P in resadily found. CjonverBoly, how<3V'csr, if P ift gi vi # 
and V n^quired, tins C‘,(|uation Ixseonies a cubies in F and will 
bs moHt convtniiisnily Holved l>y approximate or trial and orrf tr 
motliodK. 

To d<st(irmin(s the eonditionn for a maximum value of 
difTcsriuitiate with roferoneo to F, place the result ='T> and solves fc'^r 
1/0 thus finding : 

.. 192LV^ 

or k^IIo/S 

Intcrprotod in words this means that the maximum power will I-#*;'* 
deliverod at the discharges end of the pifX) line whcai the lost Iituwi M 
amounts to one-third the total head J/^, 

For this sc^t of eonditions we madily derive the following oxpn^m 
sions for the valu^ of the velocity v, the volume flow F and 
maximum power P^. 

c /m. 

•'=2\/sl <■”> 

(e«) 



These formiilso presuppose, of courts, that the water called for i»* 
(68) is avaalaUe. With a 6xed flow of water the masdmum pow«*ir 
wiU, of course, be developed with the minimum lost head h. 
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21. Piping Systems 

Hevrnil impcirtanf. mid intoresting problems arise in connection 
with the How of wiit(*r through a ramifying system, as in Pig. 20. In 
Huoh a nyskan (*ach nm of pipc^ from one junction to the next forms 
a tiiiit or oleincait. Theme c^oments are shown by the numbers in 
the (liagrarn. In any such Bystem it is readily shown that the 
innnlKT of t^loinoniH m equal to the number of outlets plus the 
mimfMT of junetiouH. Also that the number of junctions is one less 
tliaii tlic! mmxlmt of outhdiS. Hence if there arc n outlets there will 
In*, olementH in the system. The characteristics required to 

(lf*termiuo each ehunent are the diameter and velocity. If neither 



of theme in kiifiwii ihoii the proldem will comprise 2 (2a— 1) variables 
liiid Wii iniiHt hiivi* an iHjiial nutnkir of ccj[uation8 in order to find a 
«jliitioii. If either thc^ <liameto or velocity is known, the 
niifiik»r of viiriiiblim in reduced to 1). 

Ill eoiiiieeiicin with Biic?h a Hyntem of piping three typical problems 
may wmm. 

L Qlmm ii ilefliiite By^kirn with fixed dimensions of pipes, mth 
given valve- o|M*nirigi4 lit the discharge ends and wdth given 
cfajfiieierits of cliMeliiirge, all umlor a fixed head IL The. valve 
ojMMiiiigH limy Im iiiiythiiig from 0 to full ojiening. Required the 
total clischfirgn mid tlict cliBcharge at each o|)ening. 

2 . CJiviiti a 'ic'!rie« of locutions rt?lative to the reservoir or source of 
head (ptirii p for e.Earfi|ikd with a Htakid discharge at each point. Let 
thc5 heiid at the supply iKiiut (pump or reservoir) be fixed and 
couHiant. liec|iilri.d & system <»f piping suited to accomiilish these 
ends. 

3. 8ftm» OH (2) hut without a fixed or given head at the source. 
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Re( 3 Lmxed a system of piping together witli a head suited to accom- 
plish the stated deliveries. 

We shall only refer briefly to the principal features of these 
problems. 

Problem 1. — ^Li this problem everything is given regarding the 
various elements of the system except the values of v. We shall 
therefore, with n outlets, have {2n—l) unknown velocities and shall 
require (27^—1) equation for their determination. We obtain these 
as follows : 

(a) One equation for each outlet, or n in aU, by tracing the loss 
in head from source to discharge and equating the head at 
the point of discharge to the original head diminished by 
the loss. 

{b) One equation for each junction, or (7^— 1) in all, by equating 
the flow in the pipe leading to the junction to the sum of 
the flows in those leading from it. 

This will furnish a system of {2n—l) simultaneous equations, the 
solution of which will give the values of v, one for eaclx element of 
the system. Naturally the actual solution becomes rapidly burden- 
some with increase in the number of elements, but the principle 
remains the same and for the problem as stated there seems no way 
of evading the details of the solution in this manner. 

The development of such a system of equations will be sufflciently 
illustrated by writing those for a simple Y branch with unequal 
legs (see Fig. 21). We shall assume that each element is formed of 
pipe of uniform diameter. If this is not so the principles discussed 



in Sec. 8 readily furnish a means for making provision for this 
feature. Let H in general denote the difference in external head 
between the supply point A and any other point in the hne. If the 
flow is from an elevated reservoir at A, ir=the difference in level 
between A and the given point. If the head at A is supplied by a 
pump, H is the difference between the total head furnished by the 
pump and the elevation at the given point, both reckoned from the 
same datum, the pump for example. 

Let mg, mg denote respectively, as in Sec. 17, the ratio between 
the discharge orifice area and the area of the pipe, for branches 2 
and 3, and /gj /g the cK)rresponding coejBS.cients of discharge. Then 
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using in general the notation of Sec. 17 we have, for the values of 
the head at the discharge points 0 and D .* 


V. 


II 



—J2 


CaVj 






Js 

L ® 

Oa\ 

Also, 


i=ViA^-]rVaA 

I 3 . . . 


..(70) 

.(71) 

.(72) 


These three equations will serve to determine and 

hence the flow condition becomes completely known. From (70) 
and (71) we derive 






=^ 3 -^ 3 ^ 



L, 1 


. . (73) 


This gives a relation between V2 and and shows that such rela- 
tion is entirely determined by the conditions affecting those two 
lines. Also if either or is known or given, the other may be 
determined from this relation. 

The same relation may be generalized to apply to any of the 
branches of a Y connection, such as 2 and 3 of Pig. 20. To this end 
we may rewrite (73) as follows : 


\ ^ w/ \ ^ wj ^ |_ 2 ^ 


2 g ' C/3V3 


(74) 


Where H 2 and ^3= differences in external head along ABG 
and ABD respectively, 39^=pressures at C and D and / 

and m are both taken— 1. This shows that if we know the pressure 
heads at the ends of the two legs of any Y branch with the other 
controlling conditions and the velocity in one of them, we may 
find that in the other. 

Problem 2. — ^In this case we know the discharges but neither 
the velocities nor the sizes of the pipes. There will be, therefore, for 
each pipe two unknowns, a size and a velocity, and hence in all 
2(272.-1) unknowns. We may assume that the discharge openings 
are fixed and the coefficients of discharge known or assumed. Prom 
the known discharges we know the product vA for each terminal 
element of the system. From these and equations of the form 
v^A^—v^A^+v^A^ we may work back and find the numerical value 
of vA for each element of the system. This will give us (272.-1) 
equations. 

We can then write n equations of the form (70), but shall still 
lack (72.— 1), or as many equations as there are junctions. It results 
that the system is indeterminate. There is no unique solution 
and the conditions may be fulfilled in an indefinite variety of ways. 
A physical analysis of the conditions in a single Y branch, for 
example, will readily lead to the same conclusion. 
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It follows that in order to make the problem definite we must 
fix (^—1) of the variables. These must furthermore be fixed in 
a manner consistent with the other equations. We have already 
seen from (74) that the velocities in the two legs of any one Y 
branch are not independent, and that their relation is determined 
by the conditions in these legs. We are not, therefore, free to fix 
arbitrarily either velocity or area in both legs of any one Y branch. 
We may, however, fix one, and as there are (n—\) such Y branches 
this will represent the number of variables to be arbitrarily assumed. 

We therefore proceed by fixing arbitrarily the area or velocity 
in one leg of each Y branch (for example 7, Fig. 20). The velocity 
or area in the same leg will follow conversely from the relation 
vA = F, while the velocity in the other leg 4 follow from (73) 
or (74). In using (74) we shall need the pressure heads at points 
such as B and (7. These are readily found by working back from 
the discharge ends. Thus knowing the heads at the discharge 
points Fy 0, we readily work back, from the determined conditions 
in 4 and 7, to the head required at C and hence to the pressure 
head at 0. Having found the velocity in 4 we find the area from 
vA^Vy and thus by working back from the discharge points all 
conditions become Imown up to the point B. Then from the head 
necessary at B and the known head at A the conditions in element 1 
are readily found, and thus the entire system. 

As a variant on the above procedure for this problem we may, 
for a given leg such as 7, assume the hydraulic gradient i instead 
of either the area or velocity. The diameter then follows from 
(35) and thence the velocity. The procedure otherwise is in general 
the same. 

It may easily result that, in working back in this way, an im- 
possible set of conditions will develop. Thus we find that the head 
required at B is greater than that available at A. This will be due 
to the arbitrary assumption made regarding size or velocity or 
hydraulic gradient. In such case the assumption must be varied 
until the system as determined becomes feasible and consistent in 
its various parts. 

In order to avoid this, the procedure may be advantageously 
varied as follows : 

Li Fig. 22 let ABG and ABD represent the profiles along the 
lines of a single Y branch. Let N be the pressure elevation at A, 
that is -<4A=pressure head supplied by pump at initial end of AB. 
Then from the fixed discharges, discharge openings and coefficients 
of discharge at D and O, the pressure heads at D and C just back 
of the valve are readily found (see (50)), Let these be set up as 
GE and DF. Then EG and FE are available for friction heads 
along the lines ABG and ABD respectively. We may then draw 
any line, straight or broken, from E to N and take such line as giving 
the hydraulic gradient along the pipe line ABC, The value or 
values of i thus determined may then be used, as before, in (35) 
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to find tho <Iiani«i(!r, and tiioiico otluirwiMc eh before. The same 
general method Ls rea<Iily applied to n more complex Hyntcun. The 
procedure in. of (:ourfi(f,<‘iitirely Kimilar in ease tho 'point A of Fig. 22 
is fed from an el(*vated roHorvoir. In such case, however, tho point 
N (Pig. 22) should, strietly sjKiaking, roprosont tho head just inside 
the piixi 1 at A rather than tho level of water in tho reservoir. Tho 
differtmeo is usually negligible^ or otherwiso wo may assume tho 
conditions in edernemt 1, thus fixing tho elevation of N and tho 
hydraulic grndknit as hir as the first junction B, and then detormino 
tho romaitnler as alswea Dtlmr variations in detail will readily 
ocour to tho tmginoer having to deal with such problems. Tho 
main purp<t«o of th(» arbitrary assumptions which are made must 
1 mi to produce, if nc<^oHsary, by trial and error, a final system, 
harmonious ajirl consisf.cnt in its various parts. 

Problem 3.— In this (•as(‘ we df) not have a fixed head at tho 
inithil point A. Wi' mv ilHuudore fn^e to cither fix arbitrarily or 
tentatively tins liead at A aiul {iroceoil as in thc! first method' dis- 



<-usscd under Problem 2, or rdherwise, and prehuubly to fix, accord- 
ing te judgment, the griulii’iits alf>ng some otuj liiKs from tiho dis- 
eharg(* einl ha<’k t.o .1 and tliias dtdKirmine the head jit A. and the 
various sizes nlinig the line. That head thus dettarrnhu^d must tlum 
Isa accepbtei as applying to the other lines, or if not aecciptablo 
for thmn, atudduT trial mus! Isa nuuka. 1’hus by trial aiifl adjust- 
ment an accc'jttabki system may ultimahaly Ixa (Itatcarmiiuad. 

Pertain further intertasting pr»tblc-inH in connection with a rami- 
fying systtam ariw when a nawarvtur h<aa<l an<l a pumping head aro 
l»oth applied at different points in tho system, as in Fig. 23. ’il'liis 
is ffejpieutly met with in cfamoctiou with municipal diHtribut.ing 
systems. 

Problem 4,'— i\««ume the system of Pig. 23 to be entirely given 
with all el<‘vations <*f outkats, sizaas of T»ip<aH, valve ojaanings aiid 
crwflk'ieuts of disc-harge. Assuin*! further at any givean tinua a 
given level N in the n-«arv(«r. AsHiime a head AM maintainfad by 
the pump. Reqiiinal the flow throughout tlna systcam and tins 
moviament of t he surfaeo *V. 

This i>rt)bk‘m fulls <lirectly tinder the treatment of Frohlcm I. 
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We have in the arrangement of the diagram seven 

piping, and *we shall therefore require seven equations- « it, 

three outlets, Ey F, Gy one outlet K under the head .,1 

by the level W, and three junctions. These will furnish hi n# J ^ 
seven equations, and we may then find the flow in i 

including the fine 5 leading to the reservoir. The floW* i 
however, raise the level N in accordance with the 1 ^ 

the reservoir, and as the level rises the flow in 5 will , 

and less. It follows that a complete study of the case wo i^h * ^ ^ / 
a series of solutions of the equations for a series of varyiijM t 
tions of N taken at suitable intervals, and corresponding ^ ^ ^ Vl 

of time which will result directly from the surface ^ 

reservoir and the mean rate of flow along 5 for any orrc^ ^ f ^ ^ 
In this way a time history of the rise of level iV. could be i| ^ ' 

Ultimately a point would be reached where the flow in 5 *wi 1 1 f k * # • * i 

zero, the level N will remain stationary and the flow in th-O ar c * x « i i i t * ^ ) 
of the system wiU become steady at the values deterniiiic*^^! !<##- t 
condition. This terminal elevation of N may be directly * 

assuming immediately the condition of zero velocity in 5 > » f x ri 1 1 i * i ^ ^ 
the practical elimination of this branch with the resoar^Xfiir fr*^\ 
the problem. We then proceed with the remainder of l 

exactly as in Problem 1, thus finding the flow along a.11 
of the system. With these known the pressure head at 
point is readily found. We therefore find the pressure itf , i li 

point Oy and this must give therefore the elevation of 
N above G, 

In case the head AM maintained at A is, at the 
the level required to maintain N stationary, then the fictw i i * 
will be reversed, the reservoir will become a feeder, and ttt«* 1*^ 

N will fall until it reaches a point where the conditio %%’ill 1 4 
steady with N stationary. In any case with a fixed lo"v^t,*l ..^1/ t li 
level of N for steady conditions is readily found by i 

with the reservoir removed from the system and then proc?f h m 

above noted. Conversely, if W is fixed, and it is desired let Ic 
the level at which ill must be maintained to keep i\r if 

we should have a system with 5 pipe elements (assumijrx^ 

5 removed) and with an unknown head This will,, ii* t i*i 

given case, make six unknowns. We have three : 4 ,, t %% i 

junctions and a given pressure head to be realized at fcli€^ .4ii t # ^ 
These will furnish the necessary six equations. 

■'.Problem 5.— In this case we assume given the dischai*|<<* t hm 

various outlets, a given head AM and a level N to be 
stationary. Required sizes suited to realize those ends. 

The level N being stationary, the pipe 5 is inoperative^ ^ 
may therefore assume it removed so far as matters of 1 y 

flow are concerned. We shall then have as unknowns, fivo vt * I 4 1 . i # * 4 

and five .areas. We shall be able to write five equations of f li« - f ♦ frij: 

=7^ two for the junctions and one for the given pressures mi 
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the point G. We mnst, therefore, arbitrarily fix two of the nn- 
knowns, as, for example, the velocities in 6 and 7, and then proceed 
as in Problem 2, 

Or otherwise, and preferably, we may set up at the outlet, just 
back of the valve, vertical lines representing the pressure heads 
required by the discharges (see EP, FR and OQy Kg. 23). We. may 
then draw from P, Q and R hydraulic gradient lines back to AT, 
which must, however, fulfiJ. the following conditions : 

1. The gradients from P and Q must have a common point on 

the vertical through D, as at U, 

2. The gradient from 17 to if must pass through S. 

3. The gradient from R to M must meet that from U to M on 

the vertical through P, as at T, and the two must be coin- 
cident from T to M, 

The gradients thus determined will then serve to determine 
the sizes of the elements of the system, as in Problem 2. 



Pig. 23. — Branching System with Double Supply. 

In case the pump shuts down, the system becomes reduced to 
that of a single reservoir source, and may be examined as in Problems 
1, 2 and 3. 

Various other combinations may present themselves in connection 
with problems involving ramifying systems, especially such as 
that of Kg. 23. In all cases, however, they may be investigated 
by the general methods outlined in the present section. 

In the case of reversed flow through such a ramifying system, 
a number of collectors leading ultimately to a single main, the 
same general principles may be applied. This, however, is a case 
not likely to arise. 

In the case of an interconnected network with inflow at one point 
and discharge at another, the general method of Problem 1 will 
still apply. It will be found that the number of junctions plus the 
number of possible paths of flow will equal the number of elements 
in the system, and thus a complete set of simultaneous equations 
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may be found which will serve to determine the velocity in 
element of the system. In the case of Problems 2 and 3, the flow 
must be assumed or known in two out of each of the three 
forming each junction. The flow in the third pipe will then becoixt^* 
known from equations of the form 

This wiU then serve to determine the entire system of flow* 
Then by the arbitrary fixing of velocity, size or hydrauhc gradient- ^ 
in the same general manner as in Problems 2 and 3 above, 
remaining features of the system may be determined. 



CHAPTER II 


THE PROBLEM OF THE SURGE CHAMBER 

S2. General Statement of Problem and Derivation 

OF Equations 

(m) in Sec. II, page 31, it appears that an unbalanced 
T>ressure head pjw acting over the cross sectional area of a pipe at 
One end will act as an accelerating force on the water in the pipe 
will produce an acceleration measured by the equation : 

( 1 ) 

g dt w 

'Now suppose that we have given the arrangement of Fig. 24 
oomprising the following items : 

1 . A supply reservoir B in which the water may be supposed to 

1 remain at a constant level. 

2. A main conduit AB. 

3. A surge chamber or stand-pipe BG. 

4. A penstock line BL terminating in a control nozzle. 

-Assume steady flow conditions with velocity in main conduit 

and level of water in surge chamber at C, This means that 
of the total head BG at B, the velocity head plus the friction head 
absorbed an amount measured by GG, leaving the balance as 
jpiressure head measured by BG, How the existence of steady 
ooxiditions implies a balanced system of forces on the water in AB, 
oomposed as follows : 

1. Gravity with component acting A to B. 

2. Pressure at A distributed over cross section of pipe and 

acting AtoB. 

3. Pressure at B distributed over cross section of pipe and 

acting B to A. 

4=. Frictional resistance along pipe and acting B to A, 

Next suppose that with no change in the velocity or in the 
oonditions generally in AB, there should develop suddenly a change 
XXX Be as a result of which the water level should drop to D. It is 
oTb'vious that the force equilibrium of the water in AB would be 
oorrespondingly disturbed. The pressure head at B is now no 
loxxgor BG but BB, an amount less by the head GB. The result 
will therefore be an unbalanced pressure head acting on the water 
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in AB in the direction A to B, and measured by this distance CD, 
This accelerating head will immediately operate to produce an 
acceleration in the velocity of flow along AB measured as indicated 

^SiaLlarly if with steady conditions and a velocity in AB^ the 
level of the water in should suddenly rise to there would be 
a corresponding disturbance in force equilibrium and an unbalanced 
pressure head measured by CDj^ would act at B over the cross 
section of the line in the direction B to A, producing a retardation 
in the velocity of flow along AB measured likewise as in (1). 

From this analysis the truth of the following general statement 
becomes self-evident. 

At any time during the period of velocity change let the velocity 



along AB=^v. Corresponding to this condition the velocity and 
friction heads combined will have a certain value, say OG, Then if 
the pressure head=-B(7 (that is, if the water level is at G) the 
conditions for force equilibrium will momentarily obtain, and there 
is no accelerating or retarding head in operation on the water in 
AB. If, on the contrary, the pressure head differs from EG (that is, 
if the water level is not at C) the conditions for force equilibrium 
wiU not obtain, and there will be in operation an accelerating or a 
retarding head measured by the distance of the actual water level 
below or above the level G, 

We may express this somewhat more briefly by saying that with 
any velocity of flow in AB^ if the water level in BG is where it 
belong for steady conditions, then there is no accelerating or 
retarcMng head in operation on AB^ but if the water level is below 
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Or above the location for steady flow then there is in operation a 
corresponding accelerating or retarding head, measured by such 
difference in level. Or still otherwise ; the accelerating or retarding 
head acting on the water in AB is measured by the difference 
between the level of the water as it actually is and where it belongs 
for steady conditions with the given instantaneous value of the 
velocity. 

Now suppose a power house at L, the lower end of the penstock 
line, with fluctuating demand for power according to the accidents 
of the daily load curve. Suppose for the moment steady conditions 
with a velocity in AB and water level at <7. Let there arise a 
sudden demand for excess power such as would require a rate of 
volume flow greater than that which the main conduit is furnish- 
ing. The nozzles at the power house, under governor control, will 
open up accordingly, the response from the adjacent penstock line 
BL will be prompt and we shall, after a few seconds time, have a 
flow through BL carrying the increased volume of water. The 
actual velocity in AB -v^l, however, still remain substantially 
unchanged and the surge chamber BO must therefore supply the 
difference. As a result the level of water in the surge chamber will 
fall below the level for steady conditions, and as it falls will develop, 
as we have just seen, an accelerating head which will start in to raise 
the velocity of flow in AB from the initial up toward a higher final 
value. 

In a similar manner, it is clear that if load is suddenly rejected 
at the power house, corresponding to a decrease in the rate of 
volume flow required, then the surge chamber will receive, for the 
time being, the excess flow coming along the line AB, and as a 
result the actual level in BG will rise above the level for steady flow 
and a retarding head will be developed ; and as a result of which the 
velocity of flow in AB will be continuously and gradually reduced 
from the initial toward a lower final value. 

It thus appears that any sudden change in power demand will 
react on the surge chamber in such manner as to disturb the level of 
the water from its location for steady flow conditions, and thus to 
develop an accelerating or a retarding head. Following these 
conditions in some further detail it is seen that as the velocity v 
gradually rises, the velocity and friction head combination will 
increase and the level corresponding to steady conditions will begin 
to fall. We shall have as time goes on, therefore, a dropping actual 
level of the water and a dropping level for steady flow for the 
momentary value of the velocity v, the difference between these two 
levels measuring the accelerating head in operation. Thus in Fig. 25 
let OX denote a time axis, A the level of the water at the start of 
the change with velocity and D the level for the final steady flow 
velocity ^ 2 * Then the time history of the drop in the actual level 
might be some curve such as AEFD while that for the corresponding 
level for steady conditions with the momentary value of the 
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velocity might be some curve such as ABCIX The diflorpxit < 
between these, measured by the intercepts OF, etc., 
time history of the acceleratiug head, as a result of the operation 
which the velocity of flow will be finally raised from to '^ 2 * 
Similarly for rejected load; the rise in the water level 
on time might give some curve such as AEIf D (Fig. 20), while tfi 



rise in the level for steady conditions with the momentary value n: 
the velocity might give some curve such as A BCD. The intercept* 
BE, OF, etc., furnish then a measure of the n^tarding head an n 
result of which the velocity will be finally reduced from the highc^i 
to the lower final steady flow value. 



^ The general problem of the surge chamber operating in comic^c* 
tion with a hydraulic power unit under governor control involv€%» 
therefore the following conditions : 

1. In the initial stage the power unit is assumed to be developing 
the power under steady flow conditions in the penstock atici 
pipe fine. While in this condition there is assumed to arise, let urn 
say, a sudden demand for more power. 

2. In the final stage and after this demand has been satisfied, 
the power unit is again assumed to be developing the increa«e<I 
power W 2 under steady flow conditions in the penstock and pi|M,f 
line. 

3. During the transition period, from (1) to (2) tb© governor is 
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assumed to operate continuously to deliver to the wheel from the 
penstock, the flow of water required to develop the power TFg.* 
The rate of volume flow to the power unit will, during this period, 
not in general be the same as the rate of volume flow along the pipe 
line, and the surge chamber must therefore either supply or absorb 
the difference. This will occasion a change of water level in the 
surge chamber with a resulting accelerating or retarding head as we 
have seen. The change of level implies,, however, a change in the 
pressure head at the surge chamber and hence in the net head 
ultimately available at the power house. But the rate of volume 
flow required to develop the power W 2 will depend on the net head 
available at the power house, and will approximately vary inversely 
as such head. Hence with demanded load, as the head continuously 
falls, the quantity of water required will correspondingly increase, 
while with rejected load, as the head continuously rises, the quantity 
of water required will correspondingly decrease. 

In the detailed discussion of this problem, consideration must be 
given to a number of different velocities, some actual and some 
virtual. These may be characterized and denoted as follows : 

This is the actual conduit velocity under initial steady flow 
conditions. It is the actual velocity with the initial head 
and the original load TFi* 

UjL This is a virtual velocity and is really the measure of a rate 
of volume flow. It is the velocity* along the main conduit 
which would supply the quantity of water which, under the 
initial head, would serve to develop the final power 

V 2 This is the actual conduit velocity under final steady flow 
conditions. It is the actual velocity with the final head and 
final load W^- 

u This is a virtual velocity and is really the measure of a rate 
of volume flow. It is the velocity along the conduit which 
would supply the quantity of water actually required at the 
wheels to develop the power W 2 under the head which 
prevails at any instant during the transition period. Under 
final steady flow conditions u becomes the actual velocity 
^ 2 * 

This is the maximum value of u. 

w This is the actual velocity along the penstock line AB (Fig, 24), 
corresponding to the delivery of the quantity of water 
required by the wheels. 

Let u4i== cross section area of main conduit (f2). 

^ 2 =cross section area of penstock (f2). 

Hi=head QB, Fig. 24 (f). 
i?2=Fead EJf, Fig. 24 (f ). 

* In the actual clise this condition cannot be fully realized. The divergence, 
however, is not of significant importance in the treatment of the problem. 
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J'rrrarea of surge chamber at water level (f2). 

X=length of conduit (f). 

movement of water level from initial position (f ). 

2:=height of actual water level above B (f). 

Let denote for the main conduit line the factor (scmi 

Sec. 2) and fcg the similar factor for the penstock Hne. 
have then, 

head due to friction under initial eteady 
flow conditions. 

^1^2^+ ^2^2^ =1^®® of head due to friction under final steady 
flow conditions. 

head under initial steady flow conditioiis- 
H--'bjV2^—b2W2^=^xiet head under final steady flow conditions. 

Referring now to Fig. 24 , assume that at any instant during tto 
transition period the actual level of the water in the chamber %b at 
F while the level for steady flow with the existing velocity t; is at 
Then the pressure head at B at this instant of time will 1x5 measwrecl 
by z=BF and the total head will be £ 1 "^+ velocity head v‘‘^ / 2 g, HeiicMi 
we have 2:-fr^/2^=actual head at base of surge chamber midajr 
conditions prevailing during transition period. 

Also H2~-&2^^=^^tual net head at power house available from 
5^2* Hence z+v^l 2 g’i-H 2 -‘b 2 W^=totd. actual head at power hou» 
under conditions prevailing during the transition period, with 
actual water level at F and surge or total movement of water lev#! 
from G to F, 

Again, assuming substantially uniform efficiency for the hydraulic 
unit over the range from TFj to W^, it results that the power 
developed will vary directly as the product of head by quantity per 
unit time or rate of volume flow. Hence we shall have tho following 
expressions : 


Vi(H—biV2^—b2Wi^} represents load Wi under initial head, 
Uj{H—bjVj^—b2Wj^) represents load W2 under initial head. 

V2(H— 61^2^—62^2^) represents load If 2 under final head. 

<y2 

^(*+^+3^2— represents load under head prevailing 
during transition period. 

We may then derive the following relations between these varioiia 


velocities ; 


w_djs 

w 

u. 


-E? 

-w. 


■m 

m 


Z+^+J?2— &4M;2 


( 4 ) 

( 5 ) 
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Regarding these formulse it may be noted that (4) is a cubic 
equation in Vg* This, however, is readily solved by trial and error. 
Also in (5), which is intended to give u for known values of z and v, 
the denominator contains w, which is also unknown. We may there- 
fore proceed by assuming a value of w and then find u from equation 
(5) and check the result from (2). A trial and error procedure will 
thus readily serve to determine u for any stated condition of v and z. 
Or otherwise, by substituting for w in (5) from (2) the former may be 
reduced to a cubic equation in u and then solved by trial and error 
as with (4). 

We may now proceed to develop the equations for the flow of the 
water during the transition period. 

First for any velocity v in the main conduit we have : 

)52 

-=velocity head. 


V 

Lv^ 

O^r 


=friction head (Sec. 2). 


As above let E denote the level for steady conditions with the 
transition velocity v, and F the actual level. Then 

z^BF. 


Lv^ 




.Bj?’=accelerating head acting at the given instant. 
But EF==GB-{GE+BF), 

Whence from (1) we have 


L dv 
g dt 




2 


z. 


Also ('i4~'i;)=deficit of velocity in AB. That is, the actual 
conduit velocity is v, while the velocity corresponding to the 
water required is u. 

Hence A deficit in rate of volume flow which must be 

made up by flow from the surge chamber. But 
dz 

— F^=rate of flow from surge chamber. 
d/z 

Then — F-^=^A (u—v). 

Then we have finally 

i 

^ * .(.-») 


A dt 


.( 6 ) 

•(7) 
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For certain modes of study of this problem, equations (6) and (7) 
may be conveniently put into the form 

( 8 ) 


dt 
2 


.(») 


These equations are readily seen to be the equivalent of (6) and 
(7). As written (8) and (9) apply to the case of demanded load 
and a falling level. The changes necessary for the case of rejected 
load and a rising level are made by changing the sign of dvidt, by 
interchanging the signs of and in (8) and of u and v in (9). 

Also from Kg. 24 the following relations are readily seen : 

(demanded load) ) /i- a\ 

z—y=Hi—cvj^ (rejected load) / 

Equations (6), (7) or (8), (9) with (2) and (5) serve to deJSne 
mathematically the conditions of the movement of the water during 
the transition period. 

For demanded load with the actual level below the level for steady 
conditions, as at jP, Kg. 24, {cv^~\-z) will be less than and dvjh 
will be positive in sign representing an acceleration of the velocity, 
as is required to carry the value from to the higher Vg- On the 
other hand, with rejected load and the actual level above the level 
for steady conditions, as at F^, we shall have OE+BF^ greater 
than Hi and dvjdt will be negative in sign, representing a retarda- 
tion of velocity, as is required to carry the value from Vi to the 
lower ^ 2 . 

Likewise in (7) with demanded load u> v and dz/dt is negative, 
implying a falling level, while with rejected load u<v and dzjdt 
is positive, implying a rising level. 

In the preceding discussion of the operation of a surge chamber 
and in the curves of Kgs. 25 and 26 we have for simplicity assumed 
that the various quantities involved (water level, velocity and 
accelerating head) all move from the first or initial values to the 
final values continuously in one direction only, and hence without 
oscillation about such final values. Such movement is usually 
styled dead beat,” and is only sensibly reahzed with a relatively 
large size of chamber. In the usual case ah three quantities, as 
above, approach and ultimately reach the final values or condition 
as the result of an oscillatory variation, of rapidly diminishing 
amphtude, about the ultimate values. Thus in the case of de- 
manded load (see Kg. 27) the water level whl rapidly drop (AS) 
and the level for steady conditions with the momentary value of 
the velocity less rapidly, (Al), thus indicating an accelerating head 
in operation during this period. In the general case the water 
level wDl reach the steady motion level for final velocity Vg 
before t? has reached this value. In other words during the drop 
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AB, V is continuously less than u and dzjdt is negative, implying 
a falling level. At B this condition stiH continues and the level 
must drop still further (BC) until finally ' 0 = 11 ^^ (level at C). At 
this point v has finally caught up with % (H) and dzjdt becomes 0 
This marks the lowest level reached by the water, a level also 
below that for steady flow (3) with the velocity There is 
therefore still operative an accelerating head 3(7, which wiU carry 
the value of v beyond and still further beyond This excess 


Movement of Water Level 



Pig. 2 7. —Time History or Movement oe Water Level, Velocity. 
AND Acceleration Head 


of V over u will, however, bring more water than is required by the 
penstock and the result wiU be a rising level ((7i>). With the rising 
value of V will also come a further falling level for steady con- 
ditions, (3, 4), and the rising actual, level will thus soon meet and 
pass that for steady conditions (at 4), thus changing the accelera- 
tion head from plus to minus. 

In the meantime under the influence of the accelerating head 
during the period AR(74 the velocity has been constantly rising, 
reachhig the value at (?, the value at and the maximum 



in 
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value Vn at I, where the acceleration changes sign. The sign of 
dzldty however, still remains the same, and the water level coix- 
tinues to rise (iDJS), until finally, with water level at E the velocity 
again becomes equal to u at a value less than V 2 («/)• In the 
time the velocity decreases (/J), while the level for steady motioxi 
rises 4, 5, 6. In this manner these various quantities see-saW 
back and 'forth, no two reaching the final steady motion values 
together until by a series of oscillations of rapidly diminishing 
amplitude, they all finally reach sensibly their ultimate values for 
steady motion with velocity Vg. These various oscillations bade 
and forth may be traced readily by the curves of Fig. 27, studiecl 
in connection with the above brief analysis of the first stages of 
the movement. It results that in the general case the various 
quantities pass through a periodic or oscillatory movement, strongly 
dampened, or with a rapidly diminishing amplitude, until after ^ 
number of swings, greater or less according to circumstances, the 
accelerating head becomes sensibly zero and the water level and 
velocity have sensibly reached their ultimate conditions. 

The extent of the first swing beyond final values (as at <7, Fig. 27) 
will depend on the size of the chamber relative to the other 
characteristics of the case. The smaller the chamber the greate^r 
will be the amplitude. With a chamber of sufficient size the swing 
beyond final values becomes negligible, and the movement is then 
sensibly dead beat. 



23 . Treatment of Surge Chamber Equations 

Differential equations of the form presented in (6), (7) or (8), (9)^ 
and representing a dampened oscillation in which the retarding 
force varies as the square of the velocity, do not seem to permit of 
direct solution by any known mathematical means. Under themm 
conditions the following courses are open : 

1. The treatment of restricted or special cases which may admits 

of mathematical solution. This represents a partial solution 
of the equations. 

2. The treatment by approximate methods involving somis 

departure from the exact relations implied by the equations » 
and thus making possible a solution by direct mathematiea.i 
means. 

3. The treatment of the equations as they stand or in simplifiedl 

form by methods of approximate numerical integration^ 
This method involves no departure in principle from thm 
relations involved in the equations, and the only error» 
are those of numerical detail, and these may be made am 
small as desired. The direct treatment of the equations 
in this manner involves a trial and error process, and im 
necessarily tedious in numerical detail. 
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4. The treatment of the equations as they stand or in simplified 

form by a reversed or indirect process of numerical inte- 
gration which avoids the trial and error feature of (3). 

5. The development, through an extension of the law of kine- 

matic similitude, of a series of relation coefficients serving 
to connect the actual case with a model of workable size. 
Observations are then made on the model, and these are 
transformed, through the proper coefficients, into corre- 
sponding values for the actual case. 

Space will permit of only a brief survey of these various methods 
of treatment. 

(a) Solution of Special Cases. 

Complete shut doum with cylindrical surge chamber. Prof. I. P. 
Church* gives for the case of a complete and sudden shut down 
the following formulae : 

( 11 ) 




( 12 ) 


Where t/=movement of water surface measured from initial 
level (f). 

2 /^=maximum value of y or maximum surge (f ). 
t?=velocity corresponding to any assigned value of 
y (fs). 

%=initial velocity (fs). 
c=as in Sec. 22. 
e=Naperian base. 

with the notation of Sec. 22. 

AL 


The value of is in a form which can only be solved by trial 
and error, but the successive approximations come very quickly 
and a sufficiently accurate value may soon be found. The author 
gives an illustrative case in which v^=7*5(fs), cvi2=:ll(f), c=-1955, 
jP/^= 2*25, iy=14:0(f). Whence P= *2024.0 as a &st approxima- 
tion was taken =20. Then finding the value of we have 

1/57, and finding thence the value of the right-hand side of (12) 
we have 15*85 as the second approximation. Similarly assuming 
^^=16 on the right-hand side we find 2/,»=15*7, and again putting 
»/^=15*7 on the right-hand side we find y^= 15*74, which is suffi- 
fiently close check. By actual experiment in this case a value 
was observed. 

Complete shut doum with overflow. For this special case Prof. 
!. P. Church gives formulae as follows.f (Notation transformed to 


* ‘‘ Cornell Civil Engineer/’ Bee., 1911, p. 114. 
t “ Cornell Civil Engineer,” Jan., 1914, p. 166. 
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correspond with that used in the present work. See Sec. 22 and 
Kgs. 28, 29). 

Let a;=distance moved by water in main conduit after beginning 
of overflow (f). 

^a;=volume of overflow (f3). 

Vi==velocity in main conduit at instant of shut down (fs). 



Fig. 28 . — Complete Shtjt-Down with Overflow. 


'^ 2 = velocity in main conduit at beginning of overflow (fs). 

Found by (11). 
i;=velocity in general (fs). 

^=time from beginning of overflow (s). 

(for Mg. 28). 

(for Mg. 29). 



Then for Mg. 28 : 


*=270 




2gc8 


log, 


'Jc—a—ov^ 






\v+S)iv,--S) -] 
(n-^)(v,+^)J- 


(13) 

(M) 




tan' 


% 

K 


— tan~i 



(16) 

(16) 


and for Mg. 29 : 
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If T=tiine to bring v to zero (end of first up surge) then we have 



tan~i 




(17) 


These equations give the distance Xy the overflow Ax and the 
time t, all corresponding to any assigned value of v lying between 
V 2 and S for Fig. 28, or between V 2 and 0 for Mg. 29. 

In the case of Mg. 28, S is the final velocity, and from (14) the 
time required to reach this velocity will be oc. In the usual case, 
however, the approach to the final velocity is rapid, and the final 
condition is sensibly reached in a relatively short period of time. 


Scale of V 



Fig. 30. — ^Diagram of Movement of Water Level and Velocity 

(Opening). 


Full opening from closure. Church’s formula.* If in equations* 
(8) and (9) is taken as zero and neglecting governor action we 
put u=V 2 and then combine the two equations so as to eliminate 
dty we find the equation : 

ydy--cvHy=y^ {v2—v)dv. 

Integrating between limits of 0 and y^ for «/, and 0 and V 2 for 
V we have 

2,2_2cj^ (18) 

* “Trans. Am. Soc. C.B., 1916,” Vol. LXXIX, p. 272. 
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The integration indicated in the second term cannot be carried 
out unless the relation between v and y is known. In some cases 
the assumption that the relation is that of the quadrant of an 
ellipse, as indicated in Fig. 30, has been found to give results closely 
agreeing with observation. 

On this assumption, the half axes being taken as and equa- 
tion (18) reduces to a t. 

P) 


Whence 

or approximately 


-+ -00920 V (20) 


Investigation through numerical integration shows that where 
values of ALjFg are small, that is, where the surge chamber is large 



Fig. 31. — Diagram or Movement or Water Level 
AND Velocity (Closure). 



and the movement of the water surface nearly dead beat, the above 
assumption regarding the form of the relation between v and y 
is not closely realized, and the application of the formula will 
involve a considerable error in the resultant value of y. Its use 
cannot, therefore, be recommended in such cases. 

Full closure . — If the assumption made by Church regarding the 
relation between friction head and velocity be extended to the case 
of closure (see Fig. 31) the equation corresponding to (21) takes 
the form 
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Numerical investigation here, likewise, shows that the formula 
is not applicable in cases where ALjFg is small. 

In a particular case where ALjFg had the value 43*5 with Ti 
for full velocity 32 and a range of velocity from 0 to 10, the applica- 
tion of numerical integration gave the following results : 

For opening, v= 0 to i;=10, 2/^=69-6. 

For closure, ^=10 to t;=0, y^=78*6. 

The application of the above approximate formulae gives corre- 
sponding results as follows : 

For opening, 2/^=69-2. 

For closure, 

Again with the same maximum value of Ji and the range of v the 
same as above but with AL/Fgr=4*35, the application of numerical 
integration gives results as follows : 

For opening, v=0 to t;==10, 2/m==32*0. 

For closure, t;=10 to v=0, 

The application of the above approximate formulae gives corre- 
sponding results as follows : 

For opening, t/^=24*06. 

For closure, i/^=34*07. 

In the first case the results by formula give a close approximation 
to the correct values. In the second case the error is more con- 
siderable. Examination in the latter case shows that with the 
values as taken, the relation between v and y bears no very close 
relation to an ellipse and hence the results derived on such an 
assumption are naturally in error. In Figs. 30, 31 the full lines 
show the actual form of the curve between v and y for the two cases 
as noted, while the dotted lines show the corresponding ellipses. 
The degree of departure is thus plainly apparent. 

For the case with full closure, Johnson* proposes the formulae : 



(^=time to reach y). 


Tests of all such formulae, through approximate integration, 
show that they are applicable each to a relatively narrow field of 
use only and that application outside of such range may lead to 
considerable error. 

(6) Approximate General Solutions. — The following approximate 
equation is given by Johnson. f 

(25) 

* “Trans. Am. Soo. C.E., 191d,” Vol. LXXIX, p. 265. 
t “Trans. Am. Soo. Meo. Eng., 1908,” p. 455. 
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In this form the equation applies to the case of demanded load. 
For the case of rejected load the form is the same but with the 
interchange of and This implies equal values of for the 
two cases. In tMs equation the value of V 2 ' is to be taken somewhat 
greater than for the case of demanded load and less than in the 
case of rejected load. The author of the formula states that for the 
case of demanded load the value may be taken from the equation : 


H-y- 


(26) 


Where H is the total head and t/ is a first value of derived 
from (24) by taking For rejected load the inverse ratio 

(H—y)IH may be correspondingly inferred, although the author 
does not specifically refer to this case. 

As a further refinement or check on these equations, with special 
reference to demanded load, Lamer* proposes the following : 


Vi'=Uj_+h(u^—Ui) 


•(27) 

.(28) 


TABLE XXIII 


AL 



AL 



Fc 


h 

Fc 


k 

2000 . 


•60 

16000 . 


•79 

4000 . 


•62 

18000 . 


•80 

6000 . 


•67 

20000 . 


•81 

8000 . 


•70 

22000 . 


•82 

10000 . 


•73 

24000 . 


•82 

12000 . 


•76 

26000 , 


•83 

14000 , 


•77 

28000 . 


•83 


To use these equations proceed as follows : 

1. Use equation (25) and find a trial value of y ^ ; or otherwise 

assume a value according to judgment. 

2. Substitute this value in (27) and &id 

3. From the specified load change find from (3). 

4. From the Imown characteristics of the case find the value of 

ALJFc and using this in Table XXIII find the corresponding 
value of k. 

5. Substitute the values of and k in (28) and find 

6. Substitute this in (5) (see also (2)) and find z. In substituting 

in (5) v’^l2g which is unknown may safely be approximated. 
This value of z with (10) will then give y^. This is then 
compared with the assumed value. 

7. Correct first assumption and proceed as before by trial and error. 
These equations and table rest on an empirical basis derived 

from the examination of the results for fifteen selected cases 


* ‘‘ Journal Am. Soo. Mech. Eng., Jan., 1909,’* p. 113. 
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through the method of arithmetical integration, as explained by the 
author in the reference cited. 

(c) Problems as Simplified by Disregarding Governor Action and 
by Assuming Friction Head to Vary with First Power o! Velocity.— If 

the volume of water delivered to the wheel during the transition 
period be assumed as constant at the rate equations (2)~(5) 
disappear from the problem and we have left simply (6) and (7), in 
the latter of which u becomes V 2 * This is equivalent to a disregard 
of governor action during the transition period and to the assump- 
tion of a delivery of a constant volume flow of water instead of the 
development of constant power. 

While this stiH leaves (6) and (7) beyond the reach of direct 
mathematical solution it nevertheless ai(k materially in treatment 
of the problem in various approximate or special or indirect ways. 
While the amount of surge as found for this simplified case is 
smaller than the true value, the magnitude of the error is often not 
serious. Especially is this the case where the friction head is a 
small fraction of the total head at the power house. On the other 
hand, where the friction head forms some considerable part of the 
total head the error resulting from the use of the simplified form 
might become significant. 

In particular this simplified form of the equations is well adapted 
to treatment by an approximate method which has attracted the 
attention of a number of writers on this subject.* This method is 
based on the assumption that the frictional resistance in a pipe varies 
with the first power of the velocity instead of with the square. 
As a result of this assumption, equations (6), (7) becomes simplified 
in such manner as to admit of direct mathematical treatment. 

Following are some of the more useful results. 

Rejected load, 'partial or complete closure ,- — ^Assume in general the 
notation of Sec. 22. Also the following : 

t; 2 )=velocity change. 

J^=cJv=difference in friction heads for and on 
assumption that h varies as v. 



m 


tan0= 


a 


m 


* Prasil, “ Schweizer Bauzeitung,” Band LII, No, 21-26. Warren, 
“Trans. Am. Soc. C.E., 1916,’’ Vol. EXXIX. 
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Then y— Ah=e’~°'\B sin mt— Ah cos mt) (29) 

y^—Ali—e-^^y(B sin0— cos 6) (30) 

Equation (29) gives the value y for any value of t. 


Equation (30) gives the value of y^ in terms of an angle B and the 
corresponding time determined as above. 

Numerical Example : 

1^=9000 (f). 

^==5000 (f2). 

A=75(f2). 

v^=6‘5 (fs). 

Ai=9*5 (f). 

V 2=0 (complete shut down). 

We then find by substitution of numerical values : 

/l^;=6*5. 

J^=9*5. 

c=9*5/6-5=14615. 

a=-002611. 

m=-00684. 

J?=10-63. 
tan ^=— 2*620. 

<?=:110®-53'=110‘^*9=1*9355. 

^1=283 sec. 
sin 0=*9343. 
cos 3565. 

(x^2=*7388. 

e-«^x=*4775. 

B sin 0=9*929. 

Ah cos 0=3*387. 
diff. =13*316. 
e‘'®^iXdiff.=6*36. 
add 9*5. 

y^=15*86. 

While the above equations in the form given apply specifically to 
the case of rejected load and reducing velocity, the numerical 
values, on the present hypothesis regarding the relation of friction 
head to velocity, are the same for change in either direction 
between the same limits of velocity. Any problem in demanded 
load may therefore, for numerical solution, be converted into the 
corresponding problem in rejected load (change between the same 
velocity limits) and the solution found by the equations as above. 

The error introduced by the present assumption regarding the 
relation of friction head to velocity is such as to give by the result- 
ing equations a result somewhat too small for rejected load and 
somewhat too large for demanded load. In the case cited earlier, in 
comparing the results given by equations (21), (22) with those 
given by numerical integration, the value given by the presnet 
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equations is 74 for either rejected or demanded load, lying nearly 
midway between the values 78-6 and 69*6 found by numerical 
integration. 

{d) Treatment of Surge Chamber Equations by Methods of 
Approximate Integration. Surge Chamber not Limited to Plain 
Cylindrical Form. — ^In the methods of treatment thus far discussed, 
the surge chamber is assumed to be of the plain cylindrical form 
with uniform cross section. The assumption of a form of surge 
chamber with varying cross section, as for example, a tapering or 
conical form, would introduce further complications beyond the 
reach of methods of this character. 

In the method of the present section, however, there are no 
such Kmitations, and the surge chamber may be of any form 
desired. 

Writing again equations (6) and (7) we have 

(6) 


F dz_ 
A dt 




( 7 ) 


If the surge chamber is of the plain cylindrical form, the ratio 
F/A is constant. If the chamber is of varying cross section, then 
F/A will vary according to the known values of F at the water 
level. 

Suppose now that at any given instant of time t, all values of the 
variables, dvjdt, v, z, u and dzjdt are known. Next take a small 
interval of time At and for the time t-\-At assume a value of the 
acceleration dvjdt. We thus have two values of the acceleration, 
one at the beginning and one assumed at the end of the time interval 
At. If At is small we may take, without serious error, the mean of 
the two values multiplied by as a measure of Av, the change in 
velocity for the same time interval. This will give a value for the 
velocity at the end of this time interval, or for time t-\~At. Next 
putting in (6) the assumed value of dvjdt and the derived value of v 
(both for time {t+At)) we may solve and find the value of z for the 
same instant of time. 

Taking now the new values of z and v with an assumed value of 
w in (5) we find by trial and error the correct value of u for the 
derived values of z and v. This value of u substituted in (7) will 
give the corresponding value of dzjdt. We then have two values of 
dzjdt (for the beginning and end of the interval At), and using the 
mean with At we find the resulting value of Az, the change in z for 
the period At. Combining this with the initial value we find a 
value of z for the time We have thus found values of z for 

the end of the interval At in two different ways, one by way of (6) 
and one by way of (7), both starting from the assumed value of 
dvjdt at the time t+At. If this assumed value was correct, the two 
values z will agree. If incorrect they will disagree. The latter will, 
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of course, be the result in the usual case. This opimitkm iiiiwt 
fore be considered as giving a first approximation. Tim firtci 

direction of the difference in the two valuoH of s will H«Tvr* tti 
indicate the nature of the change to be niiwle in dpfdi by wiiy nf a 
second approximation. In this manner by Kin'C'CHHlvo Hiejw, ii m4 of 
values for all the variablcH is found which will miiidy tin* 1*111111111111.^ 
(6) and (7) ; and such arc then takeai m the valiicH fin* tin* iiiHliinl of 
time The oporatioix is again rofmated for ii.fiotJii*r iriti*r- 

val At, and so along step by step m far as It may Iki cloMinal to Iriict* 
the history of the movement. 

As noted, the method requires a starting-point at whieh nil 
values of the variables are known. This is thC' tmp at tht^ 
of the period of acceleration in the main conduit. At tfiiH , 

assuming the velocity in the penstocks to have ac^quircrl the vixhio 
(corresponding to in the main conduit) and with tin? ciorrcs|MiiicL 
ing beginning of movement in the level of smti^r in tin* Miirgo 
chamber, we shah have and dzldl • 

-^[ui—v-AA IF, These then are the initial values frxnn which a stiirt 
may be made in the manner doscriljed. 

If desired other and more accurate rules for ttumerieiil int^^griit ion 
may he employed, as for example, the foUowang : 
a—kjl2 (% 3 4 

For the area between the two ordinatc^s j/a and of Fig. 32. Tliifi 
assumes the lire? of fchf* cnirve Imi a 
second degns^ imriibola and is iliendore 
more accurate than the um^ of an arilto 
metical mean, which mmumm the iirx? of 
the curve to te a straight Itimi and ttie 
contour to consist of broken slriiiglit 
lines. This rule can tie iiactl as «oitit m 
two m4s of values nt. thf* varifiiis qtiiintF 
ties are knowm ; that is, nn snoii mi iliis 
first jioint beyoml the inilifil tifm 
found in the manner alsii^e indicmtrd. 

In carrying out this work it m highly 
advantageous to carry along a series" of plotted values of the 
different variables- In this manner by noting llie trend td tin? 
curve the new value of dif/dl to be lUumed" in curls may 
be chosen very xiaar to the contact value, find 11 siilisfurtory not of 
results therefore determined with the miniiiititii of iriiil 

and error steps. 

The details of the work may be modified tii varioun wayn, m llio 
interested reader will readily discover for hini»*lf . 

By varying the time interval At according to the rniiditifitis of 
the problem any desired degn^e of accuracy may Im! 

Accordkig to the dimensions and conditions involved iintl tiio 
degree’ of accuracy- desired, the value of At iiiiiy te* tfikrn 
5 see. or less to 100 see. or xnoro. 



Rule for Afteoximate 
Inteoeation. 
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If instead of treating (6) and (7) in connection with (2)-(5)5 the 
simplified case is taken, assuming constant volume discharge of 
water to the wheels, then, as noted previously, u becomes constant 
=t ?2 and the details of the process are greatly shortened. 

(e) Treatment of the Surge Chamber Problem through the 
Assumption of a Predetermined Program of Acceleration. — ^The 
method developed in the preceding section involves necessarily a 
trial and error process. This results from the fact that the dimen- 
sions and proportions of the chamber are assumed as fixed, while 
the quantities to be determined are the consequences developing 
from a stated change in the load conditions. 

If, on the other hand, the dimensions and proportions of the 
chamber are left to be determined, then we are free to fix according 
to choice any of the other variables entering into equations (6), (7), 
as, for example, the time history of the acceleration dvjdt. This is 
equivalent to stating the problem thus : Given a program for the 
water, required a surge chamber to produce it. The problem thus 
stated admits of solution by a straightforward process and without 
trial and error approaches. 

For the details and possibilities of this method, reference may be 
made to a paper by the present author,* in which a full discussion 
of the subject will be found. 

It may be here noted, however, that by this method there is, of 
course, no assurance that the form of chamber resulting from any 
arbitrarily assumed time history of the acceleration will be accept- 
able from a structural view-point. While it might produce the 
particular program of acceleration proposed, yet the form or 
dimensions might be undesirable. It results practically, however, 
that with a little experience the nature of the relation between the 
curve assumed for acceleration and the resulting form of the 
chamber comes to be readily appreciated, so that a form of curve 
suited to any generally proposed form of chamber may be assumed 
without difficifity. 

It may be also noted that by this method, the minimum dimen- 
sions of chamber which will render the movement of the water 
substantially “ dead beat ’’ are readily determined. 

(/) Treatment of the Surge Chamber Problem by Model Eiqperi- 
ment through the Application of the Law of ESnematic Similitude. — 
Let L, d, D, A, Fy V and H denote, as in Sec. 22, length of main 
conduit, diameter of main conduit, diameter of surge chamber, area 
of main conduit section, area of surge chamber section, velocity in 
main conduit and head in general. 

Now let us assume the existence of two different cases with 
different values of these various characteristics, but so related as to 
produce, for similar load changes, similar time histories of the 
acceleration head in the surge chamber {BFy Fig. 24) and hence 


* “ Tmns. Am. Soc. Meoh. Eng.," Vol. XXXIV, p. 319. 
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similar histories of the acceleration of the velocity in the main 
conduit. 

The term similar, as here used, implies the transformation of one 
history into the other by a suitable change in the scales for accelera- 
tion head and for time. Assuming the time histories plotted as 
curves, this will imply the transformation of one curve into the 
other by a suitable change in the scale of the horizontal and vertical 
axes. Thus in Fig. 33 let the curve OA^B^ represent the accelerating 
head for case No. 2 plotted on time. Then if the vertical ordinates 
or dimensions of OAJB^ are multiplied by a factor, say *60, and the 



horizontal dimensions by a factor, say -80, another similar curve will 
be produced as shown by OA^B^. Thus to every point on No. 2, 
as for example, Ag, etc., there will correspond a point on 
No. 1, as Pi, A^y Qi, etc. 

Writing now equations (6) and (7) we have 

(«> 

F dz . . 



The left-hand term of (6), as we have seen in Sec. 11, is a measure 
of the acceleration head. Now assume this equation applied 
numerically first to case No. 1 and then to No. 2. At corre- 
sponding instants of time the left-hand members will be related 
by a fixed ratio. Hence the same must be true of the right-hand 
members, term by term. 

Without attempting here to develop any general discussion of 
the principles of kinematic similitude, it may be noted that in the 
case of any algebraic equation which is to be applied to two different 
physical systems involving similar phenomena, such application 
being made effective through the use of a scale or transformation 
ratio, then each term in the equation must be subject to transforma- 
tion from one system to the other through the use of the same scale 
ratio or factor. Or in other words the equation must be homo- 
geneous in the transforming factor. The underlying reason for this 
may be seen by referring again to (6). The left-hand member is a 
quantity of the order of a vertical height ; it is a linear dimension. 
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Hence every member of (6) must also be a linear dimension and 
whatever ratio may exist for any one member as between case 1 and 
case 2 must also hold for all other members. 

We are now ready to determine the various relation factors 
between the two cases in order that the assumed condition of 
similarity between the two acceleration curves may be fulfilled. 

Let the length ratio or 

Friction plus velocity head or c ratio =C 2 /Ci=g. 

Velocity ratio for any two corresponding velocities =r. 

Time ratio for any two corresponding periods of the move- 
ment=s. 

Then we have immediately as follows : 

ratio=r2. 
ratio =^r^. 

But cv’^ is a term in (6) and represents therefore a vertical dimen- 
sion. Hence the same ratio qr^ must hold between all other terms 
of (6) and in general between all similar vertical dimensions in the 
two cases. Hence we have 

H ratio 
z ratio 
y ratio 

and — ^ ratio=^r^. 
g dt 

But the L ratio and hence 


dv 


ratio=— 


dt p 

But the dvjdt ratio must equal the quotient of the velocity and 
time ratios or rjs. Hence we have 

r __qr^ 
s p 

qr 

Again the dzjdt ratio must equal the quotient of the z and t 


or 5= 


ratios, or 


dz qr^ 

■J 2 ratio =— 
dt $ 


or substituting the value of s 


dz 


ratio — 


dt p 

Hence from (7) we have 

F q^r^ 

-r ratio X ~ — =v ratio =r. 


or 


A 

F 


P 

P 


ratio =- 2 2 
A q\^ 


or F ratio = 


^ 2^2 


X A ratio. 
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Then for the model Ci==2*5/25=-l. 

Then for the c ratio we have g=l*042/*l=1042. 

Then we have as follows : 

Prom (6) the time ratio ^=89*98 

Prom (a) the vertical ratio , =26*68 

From (c) the ratio 

Whence Z)i=(46x 12)/223=2*42 (i). 

Suppose then that we fit up the pipe with a model surge chamber 
of diameter 2*42 (i) and observe the movement of the water under 
various conditions of load change. 

Thus, for complete shut down full flow let the total rise of water 
be 35 inches or a 5-inch surge beyond the position of final equili- 
brium. Then the corresponding movement in case 2 should be 
5x26*68=133*4 (i) or 11*1 (f). 

Again, if the time to maximum rise of water level is 6*5 (s) in 
the model, the time in case 2 should be 6*5x89*98=585 (s)=9*75 
minutes. 

Again, if it be desired to know the movement of the water level 
for an increase in load corresponding to a change in velocity in the 
main conduit of case 2 from 3 (fs) to 6 (fs) we observe the move- 
ment with the model for a change from 1*875 (fs) to 3*75 (fs), and 
apply the suitable ratios. 

24. Differential Surge Chamber 

The differential surge chamber consisting, in effect, of a small 
riser or stand-pipe connected to the line and to the penstock and 
standing within a larger chamber to which it is connected with 
ports, has been investigated and discussed exhaustively by John- 
son.* Limitations of space forbid a detailed discussion of this 
combination of elements, but the interested reader should refer 
to the original papers, as noted, for a fuU consideration of character- 
istics offered by this device. 

♦ Trans. Am. Soc. Mech. Eng., 1908,” p. 467. “Trans. Am. Soo. C.E.,” 
Vol. LXXVIII. 


CHAPTER III 

WATER RAM OR SHOCK IN WATER CONDUITS 


Assume a straight inclined conduit, as in Fig. 34, leading from a 
reservoir at the upper end and controlled by a valve at the lower 
end permitting of opening or closure at any desired rate. 

Suppose the water flowing steadily with a given conduit velocity v. 
If now the valve B is suddenly opened or closed, wholly or partially, 
there will be initiated at jB a disturbance in the pressure condition 
of the water of the same nature as an acoustic wave in air, and 
subject to the same general laws of propagation. 

As the first specific case we shall consider complete and instan- 
taneous closure. 

26. Water Ram with Instantaneous Complete 
Closure : General Physical Conditions 

In this case we may picture the physical conditions as represented 
by a moving elastic column of water suddenly arrested at the lower 
end. We shall further, for simplicity, first assume the pipe as rigid 
and disregard the influence of friction on the pressure head of t.he 
water. After developing the physical conditions presented by this 
relatively simple and ideal case, the modifications necessary to 
allow for elasticity of the pipe and for friction will receive con- 
sideration. 

By analogy we may picture a long spiral spring, moving endwise 
with a velocity v, and suddenly strifibg an immovable obstacle 
at the forward end. The result for the water column will be a 
compression beginning at B and propagating upward toward A, 
until finally the entire column will be brought to rest in a condition 
of compression from one end to the other. The period of time 
required for reaching this phase is, furthermore, just the time re- 
quired for the propagation of an elastic compressive wave the length 
of the line, or from B to A, Physically we may picture the lower 
end of the column coming to rest against the face of the valve 
and the remainder of the column continuing on until at each point, 
as it reaches the same degree of compression, it also comes to rest ; 
and thus the edge of the compressed section travels up the fine with 
the velocity of propagation of an acoustic wave, until at the close 
of the period, the entire mass of the column is at rest under com- 
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pression. In Mg. 35 let denote the len^h of the column at 
the instant of closure, and the arrow the direction of motion. Then 
Ajfii will denote the compressed length of the column at rest, or 
the condition at the close of the period which we have just con- 
sidered. Again, it will be clear that the kinetic energy which the 



column of water possessed in virtue of its velocity v, has, at the end 
of this period, disappeared and become transformed into the 
potential energy of compression under 
the condition denoted by A^B-^. In the 
condition AiB^, therefore, while the column 
of water is at rest momentarily, it is not 
in equilibrium with its surroundings, since 
it is under the excess pressure resulting 
from the compression as noted. It will, 
in consequence, begin to return toward 
normal condition, and a wave of expansion 
will start in at the upper end A^ and 
progress downward toward Ej. The com- 
pression, in other words, will gradually 
yield, the particles of the column moving 
upward and the wave of expansion pro- 
gressing downward until finally, in the 
phase AJB^, the original condition will be 
reached, but with the particles of water 
moving upward. Ck)mparing the con- 
ditions AqBq and we have the 

volume and condition as regards pressure 
the same ; also the energy is entirely kinetic in both cases, but 
reversed in direction in AJB^ as compared with A^^. 

Considering A^ as virtually a free end, it is clear that the result 
will be the same as though the column as a whole should continue 
to move upward, thus relieving the pressure at Eg, and starting 
in a wave of further dilatation at Eg which wiU progress upward 
toward Ag. The ultimate result vdll be a condition A 3 E 3 , in which 
the column wfil be momentarily at rest in a state of dilatation. 






n 
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The kinetic energy in the state will thus be stored up against 
the gravity forces which serve normally to produce the condition 
of relative compression denoted Sbt A qBq ox A^Bz- It will be shown 
later that as compared with the normal pressure in A2R2> drop 
in pressure in A^B^ will equal the rise in A^B^, 

Again, while this is a condition of rest, it is not one of equilibrium, 
and it t^I be followed by a return wave of relative condensation, 
begmning at -4 3 and progressiug downward toward Rg. The result 
of this will be a return toward normal condition, and ultimately 
the column will be in the state A^B^ with the energy kinetic in 
form and the particles travelling downward, and with the original 
state as regards volume and pressure. 

Condition AJB^ is thus seen to be the same as condition A^q. 
We have thus traced the phenomena through a complete cycle, 
and assuming a perfectly elastic liquid, the sequence of compression 



Fia. 36 . — Successive States in Oscillating 
Watbb Column. 


and dilatation in volume with rise and drop of pressure above and 
below the normal, would continue indefinitely. Actually due to 
viscous resistance the oscillations will dampen out after a few 
cycles, the number and character depending on the circumstances 
of the case. 

As a further aid in picturing the condition of the wa^er in the 
various phases of this wave of compression and dilatation, reference 
may be made to Fig. 36, showing intermediate phases, with the parts 
of the column under compression or dilatation indicated by the 
shading. 

If now we assume a pressure gauge located at the lower end of 
the line, it is clear that relative to normal pressure the phases from 
0 to 6 (Fig. 36), will show a rise in pressure and from 6 to 12 a drop 
in pressure. This is shown by the line OABCD (Fig. 37). This 
diagram, of course, assumes ideal conditions in the liquid and a 
gauge acting without lag or inertia. It thus appears that the 
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pressure will suddenly rise to an amount OA above the normal 
and hold such value uniform during the phases 0 to 6 (Fig. 36), at 
the end of which period it will 
suddenly drop to the point 0 
(Fig. 37), below normal, which 
value it will hold during the 
phases 6 to 12 (Fig. 36), following ^ 
which there will be a reversal to 
excess pressure and a repetition 
of the cycle. 

From a study of the diagram 
(Fig. 36), it will also be clear that 
at any point in the line not at Fig. 37. — ^Time Histoby of Excess 
the lower end, as at 0, the com- Pbessube at Vaevb. Ideal Case. 
pressive phase will not begin 

until the wave has travelled from A up to <7, and that it will 
continue only during the time required for the wave to travel from 
C to the upper end B and return to 0. 

In general let 

L=length of line. 

a;=distance to any point from lower end. 

/§= velocity of propagation of acoustic wave. 

Then 

cc/S=time interval after closure to beginning of com- 
pression. 

2{L—x) jS =duration of period of compression. 

a;/S^=time interval from close of period of compression 
to end of cycle. 

Similar expressions will hold for the phases of dilatation. 

For a point near the lower end, or where x is small, the pressure 


4 


38 .— 'Time Histoby of Excess Pbessttbe at Poents 
IX THE Line. Ideal Case. 

diagram will therefore be similar to Fig. 38, while for a point near 
the upper end, or where x is large, it will he similar to 39(a), and 
for the upper end itself it will be similar to 39(&). 

These various diagrams may he represented as a system by the 
solid diagram suggested in Fig. 40. FOEJ represents a reference 
plane corresponding to normal pressure. A is a wedge lying on 
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the upper side of the plane and O a similar wedge lying on the under 
side of the plane. The triangles D, B and E are parts of the plane. 
The lower edge FJ corresponds to the lower end of the pipe, the 
upper edge GH to the upper end, and any intermediate cutting plane 
11, 22, etc., to a point distant x from the lower end. Then any such 
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Fig. 39. — UmoB Histoby or Excess Pbbssure 
AT Points in Line. Ideal Case. 


plane 11, 22 or 33 will cut from such a model a section, the out- 
line of which win give the diagram of pressure for the corresponding 
point in the pipe fine. 

We have now to show that the drop in pressure in the condition 
A3B3, (Fig. 35), win equal the rise in pressure for 

Consider the kinetic energy of the moving column in AqBq. 
Denote this by E, This is stored as potential energy at A^B^, This 



Fig. 40. — ^Block Model pob Time History of Excess 
Pressure at any Point in Line. Ideal Case. 


h again transformed into kinetic energy at A 2 B 2 , and the latter 
will therefore equal E in amount though reversed in direction. 
This same energy E is again rendered potential at .43^3 against 
the forces of gravity, which produce the normal condition of pres- 
sure at AqBq or A 2^2. This means a reduction of the total potential 
energy of compression by the amount E. Relative to the total 
normal pbtentM energy of compression at A^B^ or A^B^y the con- 
dition at implies therefore an^excess measured by E and the 

/ 
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condition at a decrease* likewise measured by E. This will 
obviously imply equal changes of pressure above and below the 
normal. 

It must be understood that this simple relation can only hold 
under the condition that the reduction of pressure is not greater 
than the original steady motion pressure. A liquid wiU not admit 
of the development of a tension, and after the pressure is reduced 
to 0 any further tendency in the column for example, would 
imply a break and the entry of discontinuous conditions. 

Thus near the upper end of a penstock line where, for example, 
the steady motion pressure is 301b. absolute, if a sudden shut 
down produces first an increment of pressure measured by 501b., 
then the pressure at the given point will rise to 801b. abs., but 
cannot drop below 0 abs. There will, however, in. such case be 
developed a tendency for the water to separate and leave the 
upper end of the pipe producing discontinuity and turbulence as 
the mamfestation of the remainder of the energy which cannot 
be absorbed by the development of a tensional stress. 

w"26. Modifications in Physical Conditions Necessary 
TO Allow for Elasticity of Pipe, for Friction 
AND for the Head due to Velocity 

So far as the more complete physical picture is concerned, we 
must consider that the water and the pipe form together an elastic 
system, and that the arrest of the former will result in a com- 
pression of the water and an extension or dilatation of the pipe. 
Likewise with reduction of pressure the water will expand and 
the pipe contract. The water and the pipe therefore enter con- 
jointly into all interchanges and transformations of energy between 
the kinetic and the potential forms. With these facts in mind the 
changes in the physical picture necessary to allow for the elasticity 
of the pipe will be readily made. The mathematical development 
will be found in Sec. 27, 

Regarding the pressure history, as affected by friction, let AB 
(Kg. 41) denote the line, NN the static level and KL the hydraulic 
grade for steady flow. Then, as we have seen in Sec. 14, the distances 
from AB to KL denote the values of the pressure head at points 
along the line. 

If now any portion of the line, as a differential element in length, 
is brought suddenly to rest, the kinetic energy wiU be suddenly 
transformed into potential * energy of compression which will 
manifest itself as an excess pressure, additive to the pressure 
already in evidence at the given point. 

But the velocity is uniform throughout the length of the line 
{AB uniform in section) and hence the kinetic energy per element 
of length is uniform. Hepce at each point in the line the elementary 
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accession of energy in the compression form, due to sudden arrest, 
■will be uniform and the corresponding pressure wiU he represented 
by some height such as LD. 

The line CD parallel to KL wih therefore mark the^ limits of 
pressure reached at successive points in the line at the instant of 
arrest of the corresponding elements of flow, or otherwise at the 
instant when the wave of compression, starting from S, reaches the 
point in question. 

If, then, the pressure condition thus realized would remain in 
statu quo during the traverse of the compression wave front to the 
upper end of the line A, we should have, at the end of the com- 
pression phase, the entire line at rest, in a state of compression and 
with a pressure gradient CD. 

This excess ]pressure head gradient OD, however, is not a gradient 
of equilibrium, and in consequence the pressure conditions realized 



Fic. 41. — ^Excess Presstjbe as Modified by Effects dub 
TO Fbiction. Pabtiad Account. 

at the instant of arrest will, during the remamder of the com- 
pression phase, be subject to further change. 

Thus suppose for the moment that with the wave at E and say 
hah the line under compression, the excess pressure head gradient 
were EJD, 

Then it may be readily seen that the water in the line between E 
and B, at rest and under gravity, wiU not be in equilibrium under 
a total pressure head distributed according to the gradient FD. 
There wiE be a tendency for pressure energy to flow from high to 
low or from F toward D and thus to seek a level of uniform head. 

It is of interest to note that the problem of energy flow thus 
arising is -very similar to that presented by the flow of heat along a 
bar under corresponding specified temperature conditions. 

The initial value of the pressure head is always on the line CD so 
that at the end of the compression phase the pressure gradient 
must end at C. The remainder of the gradient will, however, differ 
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from CD as a result of energy propagation, the part toward D being 
raised and flattened in the approach toward a uniform level, while 
■fchat nearer G will fall below CD as a result of losses of energy 
exceeding gains. At the instant when the compression wave front 
reaches A we shall have then, the original kinetic energy repre- 
sented under the following items : 

{cb) Compression energy manifested as pressure and distributed 
according to the instantaneous condition resulting from its 
generation and propagation as noted above. 

{h) A residual amount of energy in the kinetic form and involved 
in the movements connected with energy propagation. 
That is, so long as the total head is not uniform, so long 
wiU there be energy propagation involving molecular move- 
ment and hence Mnetic energy. 

This propagation of compression energy and approach toward 
liniform distribution will, of course, continue during the return of 
■feho wave up to the point when the front of the wave of recovery 
ireaches the point in question ; that is during the entire compressive 
phase. The extent of the unloading or recovery will furthermore 
dlepend, at each point, entirely upon the difference between the 
pressure necessary for the unloaded phase and the pressure in the 
compression phase at that particular point. 

But the pressure in the unloaded phase (6, Fig. 36) will depend 
iiTL a complex manner on the influence due to friction in the establish- 
ment of the reverse flow (3 to 6, Fig. 36). Thus in Fig. 41 the 
pressure head at A or AK must remain unchanged whether the flow 
is direct or reverse. Hence with a reverse flow established we shall 
liawe a disappearance of the excess pressure head CD with a flow 
Bead represented by some gradient line such as MK. 

KTow the kinetic energy of reverse flow is simply the expression in 
kinetic form, of the excess compression energy. Hence at each point 
-tlxe velocity generated will be determined by the compression 
onergy in excess and thus available for transformation into the 
kinetic form. But this will vary from point to point as determined 
’k>y tlie diflerence between the excess pressure head at the given 
point and the pressure head required to maintain the flow against 
friction. To a first approximation, these varying amounts of 
oompression energy would be represented by the intercepts between 
GJD and KM. There will be, therefore, a tendency to develop, at 
oach. point in the line AB, a different velocity, v the initial value at 
^ and. gradually less and less as the available compression energy is 
less due to the growing demands for friction. But continuous flow 
rneans uniform velocity, and hence any tendency to develop varying 
velocities along the line will in itself tend to set up a secondary 
sories of waves which will themselves be subject to propagation in 
f Be usual manner. 

Tlae net result of this complicated series of actions and reactions 
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Fig. 42. — Excess Pressttrb as Modified by Eefects 
B trs TO Friction. Partial Account, 


(c) Compressioa energy as required, transformed into the work 
done against friction in setting up the reverse flow, and the 
expression of which will be a reverse flow pressure gradient, 
something like KM. 

. The time history of the pressure at any given point will evidently 
partake of all these complexities of pressure generation and energy 
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Fig. 43, — ^Excess Pressure as Modified by Effects 
DUE to Friction. Partial Account. 


propagation. Aside from secondary effects due to energy propaga- 
tion, the time history would be somewhat as in Mgs. 42, 43, 44. 
Using these diagrams as a first approximation we may gain some 
general idea of the character of history to be expected. Thus in 
Mg. 42 referring to conditions at the valve, let XX denote the 
static level, AB the level for velocity head and OD the running level, 
including friction head. Then pressure would start from D and on 
arrest of movement rise to E ^ distance DE measuring the excess 
pressure due to arrest. The further history would then consist of 
alternate levels EF,HI, etc., equidistant from XX and denoting the 
levels reached at the successive instants when the energy is all in the 


win be, at the end of the unloading phase (6, Fig. 36) a distribution 
of the total energy available under the forms : 

(a) Kinetic energy of motion in the reverse direction or from 
B to A, and representing a resultant or group velocity 
somewhat less than the initial velocity v. 

(h) Compression energy, due to the existing complex state of 
motion, distributed along the line and unavailable for 
expression in the kinetic form. 
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Wa^ee Sam or shock in water conduits S3 

potential form (3, 9, Fig. 36). With propagation, however, the 
line EF will actually rise according to some complex law and the 
return wave will reach not quite down to H, following which will 
be a slight down slope resulting again from energy propagation. 
The history would thu^ show, for the extreme pressures, a series 
of lines slightly sloping away from XX and at distances from XX 
gradually decreasing with time. 

Similarly, to a first approximation, at points in the line as 
indicated in Figs. 43, 44, the levels EF and IJ, expressing the 
pressure when aU in the potential form (3 or 9, Fig. 36) would he 
equidistant from the static level XX, while the levels GH and KL 
expressing the pressure when the energy is kinetic would He at equal 
distances above and below the velocity head line AB, 

In comparison with this incomplete ideal, the actual history 
would show sloping fines for EF and IJ, at gradual] y decreasing 



Fig. 44. — Excess Pressuee as Modified by Effects 
DUE TO Friction. Partial Account. 

distances from XX and fines OH and KL nearly horizontal and at 
nearly equal distances from a velocity head line AB which itself 
will gradually approach XX, 

It is thus seen that as the ultimate result of the influence due 
to friction, an exceedingly complex condition develops and the 
discussion of this particular phase of the problem in further detail 
is quite beyond the scope of the present work. The magnitude of 
these secondary elements can scarcely be determined by direct 
mathematical means, and the results derived by such direct methods 
must always be understood as representing a first approximation 
to actual conditions, more and more nearly accurate as the friction 
head is less and less significant as a factor in the problem. 

27. Velocity of Propagation of Acoustic Wave 

The well-known formulae of physics give for the velocity of an 
acoustic wave in an elastic medium the equation : * 

(') 

where —velocity (fs). 

Sf==gravity. 

i?=coef. of elasticity (pf2). 
t<?==density (pf3). 



In the case of water in a pipe line, however, we do not have the 
simple case of a single medium. We must include the influeiica of 
the steel shell forming the envelox^o of the water, and the problem 
becomes therefore that of finding the velocity of the wave in a mm 
of elastic water surrounded by an elastic metal shell. 

Let us in the first place consider the latter. In the case of an 
excess internal pressure q it may bo subject to oxccbb stress ifftwo 
directions, longitudinal and circumferential, measured as follows : 


where Ti—stress in longitudinal direction (pi2). 

^r^rrsEtress in circumferential direcjtion (pi2). 
g=exce88 pressure (pi2). 
r=radius (i), 
f=thickne88 (i). 

Poisson ’8 investigations show that in tho case of a plate stressed 
in two directions at right angles, the relative stretches (strairiB) are 
expressed in tho form : 


dx 

,n 

7' 

J. g 

X ~~ 

'¥ 

«¥ 

dy 




li 

"51 


where x and y denote the ori^nal lengths in the two directions, ix 
and dy the corresponding extensions, and the (corresponding 
stresses, E the coefficient of elasticity and a a factor known m 
Poisson’s coefficient. 

Applying to tho present omo we may take x longitudinal and y 
circumferential. Then d 2 //|/=d( 27 rf)/ 27 rr=:dr/r, and from the above 
formula we have 

qr qr ' 

X 2tE aiE 

cir_ qr qr ^ 
r 25il. 

Again let K denote the cubical coefficient of elasticity for “water- 
Then by definition of the meaning of this term we have 

dV q 



where F= original volume. 

elF=diminutionpf volume. 
g=excess pressure. 
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Applying this to the original volume of water in a length of pipe 
X we have 

dV (water)=^7ir^ic(compression). 


Again for the pipe, as a result of the excess pressure q and the 
resulting excess stresses, longitudinal and circumferential, the new 
length, and new radius will become x-\-dx and r-\-dr respectively. 
The new volume will then be 

{V+dV)^{x-\-dx)Tv(r-\-dr)^. 

The original volume was 

Subtracting we find, after neglecting differential terms of the 
second and third orders, 

dV (pipe) (expansion). 

Substituting for the values of dr and dx from (4) we find after 
simple reduction of form : 

4\ 

5-- \ (expansion) (6) 

The total relative change of volume between the water and the 
pipe will then be measured by the compression of the former plus 
the expansion of the latter. 

Calling dV such total relative change we have 


dV (pipe)=7rr2ir| 


qr 

2lE7 


dV^7:r^x\ 


K^2tE\ a 


•(7) 


But 7:r^x= V the original volume. 


Hence 


dV 


'K^2tE\ a 


.( 8 ) 


We must now consider that the elastic compression of the water 
plus the elastic extension of the shell combine to give to the system 
a virtual coefficient of elasticity which we may denote by J. We 
may otherwise consider this change c2F as an apparent or virtual 
change in volume, as evidenced by the shortening up of the total 
column of water, a part of such shortening being due to compression 
of the water and a part to the extension of the pipe. In any case we 
relate such virtual change in volume to a virtual coefficient of 
elasticity J for the system composed of water and pipe. 

We shall then have by definition, as in (5) : 

(9) 


V J 


or from (8) 


r 

1 

or j- 


'K^2tE 

-4-— 

'K^2tE' 


H) 

H) 


.( 10 ) 


mmwur^ OF FIFE LIXE^ 


F # nii> f4i»* a .giving : 


*h#ii ilr- <- 


I 1 
i' K 

F.r iljf' 
i il), 

M. 

\ ir 


411 ) 


'tE - * ‘ ‘ ■ 

‘Bil>iiialii.>ii of matiT and aiicl 


A-, 


.( 12 ) 


F'-f r: d m rj|ii;iti4iii (11) we may eoiiTeiiiently take 

> „i' ’i :v: i a.f, nniu. md lieiu'e A" and £ will lx measured 
p-a, .-N 

F'hi- vra E ■'■■ FJ,:y li ^ ^ K 

rti-‘ \Mav f4 J ,^ii!i?^titiit-etl in (1 2) will then detcTmine 

k<'l^ix\ -f af the aeeii-tie wave ahmg the 

|f fht' pij%- h?ie y^er^' abKofiitely rigid, the value of J would 
K %: 4 the !!v > In;* that for water alone, or about 

f\ |in^* fh-’ mtiie‘no> vf the elastic .sheii, J is always less 
Ihm E -‘O d ,N 1 -; U'*iS thin the value for wmter. Values of S for 
'» ^4^1 are givers In Table X.Xl\h 


TABLE XXIV 


T 

N (fH) 

q |XT 

imir r fpi2' 

10 

4203 

57-84 

15 

4110 

55-5<t 


3004 

5.‘i-41 

25 

:iH27 

51-54) 

‘Ml 

3702 

49-88 

35 

3588 

48-35 

40 

3485 

49-96 

45 

3300 

45-68 

Ml 

xm2 

44-49 

55 

3221 

43-40 

tilt 

3140 

42-39 

05 

Mm 

41-45 

I'll 

3010 

40-56 

75 

2948 • 

39-72 

m 

2890 

38-94 

B5 

2835 

38-20 

tti 

2783 

37-50 

tl5 

2734 

36-84 

hMI 

2S88 

36-22 

105 

2643 

35-61 

110 

2600 

35-03 

115 

2561 

24-51 

i^l 

2522 

33-98 
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rjt 

5f(f8) 

q per 

unit V (pi2) 

125 

2485 

3348 

130 

2450 

3301 

135 

2417 

32-56 

140 

2384 

32-12 

145 

2353 

31-70 

150 

2323 

31-20 


Iron or Steel Pipe, Values of velocity of acoustic wave 8 and of 
pressure q developed per unit of velocity quenched. 

(r/if=ratio of radius to thickness.) 


28. Excess Pressure Developed 

We may now proceed to determine the excess pressure in the 
pipe as a result of complete and instantaneous closure of the valve. 

The kinetic energy of a cubic foot of water moving with velocity 
Vnis 




WVq'^ 

w 


When the water comes momentarily to rest in the condition 1 
(Fig. 35), this energy must exist in potential form represented by 
the work done in compressing the water and in extendOhig the pipe. 
As we have seen above, this will be equivalent to the production 
of a change of volume (iF in a system of virtual cubical coefficient 
of elasticity J, 

Then as in (5) : 

V^J 

JdV 


or 


V 


The value of q during such compression will vary from 0 to the 
full value, and the mean will be one-half the above or JdV 12V, 
The work done will be measured by mean pressure X change in 
volume. Hence 


Work=|dF= 

Jj 


J{d,V)^_q^V 


27 2J 

Hence we shall hawe for one cubic foot of water 


.(13) 


wv„ 


whence 


2g 2J 


9='>’o, 


.(14) 
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■> lii.li 




A 

( 15 ) 



.m 


j. I 5 : t.’ ih- h- j'l , > TTi-'}xi!,iijug tv prc.-purc q. Tht'ii we have 

h- -. { 1 ") 

« ' ' 

’ ,, ;;;t ,, ,-v , v ■ '-.r Ml fri'ipii ntiy in the further (lisieusmon of 
ti,>' ■ j.f i, !*.->! -t iiill I*' eon^i-uiriit to n'pre.^ent it by a single 

*• 'i tu' *• 1 i ' t';44l 

.N 

• ™a. 


•} 

With Motatiots fJTi bt'toines 

A=ar, ( 18 ) 

B> ;■» i;'! r. 1 1 m,»le of .■oiubiiiiug (i t) and (12) so as to eliminate 

( 19 ) 

o 

"■ ( 20 ) 

M * (2!) 


- ^ 301^0 aiid 4lXX‘^, It follows that 

^1 iiat’ t f / Al i^mnu^idy raiigo from 44.1 to 54 (pi2), or the vain© 
.*! 4 if n.i '4t ^41) t*j 125 ItH-'t, ’IMT foot second of velocity arrestefi 

’d ... r. r . yiin- hue is of vaniiig diameter and of varying thick- 
f„rw tile thetm-tiial investigation in any precise manner 

^ 'iii|,4j?.:ateil to st?rve praetiea! pur|')oses. Average 
^ ilp^ r.,M , luHO'ief, b‘ usiially taken in such maimer as to serv^e 

d r lOirtniiinits, 

2B. WATER Raw with Rapid Cowplete Closure 

iVo* thj'^ f;ir .vs^amed the ekxsiire complete and iiistaii- 

lafiOiOA.* that it oi'cupies a certain time interval 1\ 

■lod ifiat tht' tiint‘ history of the retardation produced at the valve 
o- u 1.) ihv curve of Fig. 45. 

Ai]\ i*riiujAte AC of this curve k then a mc^asiire of the retarda- 
tion .4 m ral4^ i4 vdtH-ity cliaii^" produced at the eoiTes|x«idiiig 
mwtiuit t Aim tlie artui OAV \%iil te pro|K)rtionai to the total 
m vt4<k""ity cluniig time f, and the total area OAB mli be 
|€o|»rt!oriaI to the velocity whiehj at the end of 
link' T* m to 0, Uinfcr the^a conditioiis there wil 
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initiated at the lower end of the pipe a continuous series of pressure 
waves, each representing an element of velocity change and each 
added to the one preceding, thus gradually building up the pressure 
at the valve as the sum of these elements, each of which will be 
proportional to an ordinate of the curve OAB. That is, the excess 
pressure at the valve will continuously increase by the addition 
of successive elements, each due to a retardation acting through 
an element of time and producing an element of velocity change. 
At any instant during the period of closure the total pressure at 
the valve will then be the result of a summation of all these ele- 
ments, developed from the beginning of the movement up to the 



Fig. 45. — Time History of dv/dt and v. 


given instant of time, and this will correspond to the total change 
in velocity produced, that is, to an area such as OAO, 

These facts stated in a physical sense may be established analyt- 
ically as follows : 

We have first to find the element of pressure at the valve due 
to a retardation dvjdt continuing through an element of time dt. 
The result is, of course, a reduction of the velocity v by the amount 
dv in time dt. 

The distance covered by the wave in time dt will be 8dt. That- 
is, a length of water column Sdt will, in time dt, be retarded by the 
amount of velocity change dv. Let A —cross section area and 
w;=density. Then the mass subject to this retardation is wASdtjg. 

The force required is measured by the product of mass by re- 
tardation. Let dQ denote such force. Then we have 

wA dv 

dQz=z — ^ Sdt (22) 

g dt ^ ^ 

This will appear as an excess pressure at the valve, distributed 
over the cross section area of the column. Let dq denote the corre- 


spending unit pressure. 

Then 





g dt 

(23) 

or 

dq=- Sdv 

9 

.(24) 

or again, 

dh:=^=- dv=odv 

w g 

(25) 
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In (24) or (25) the only variable term is the velocity dih 

This equation shows that the element of csxeess proHsuri* dq is 
determined by the constant factors characteristics of ilic' citKi* find 
by the velocity change dv. More specifically it slicnvs that it m 
independent of the time clement dt. This somewhat sorpriHiiig 
result is due, as is shown by the form of equation (2d), to tlu* fiirt 
that the expression for the pressure element dq contains twf» viirialili* 
factors, one proportional to the acceleration and the fdliiT to the 
quantity of water involved. The first of these, i?x|iressed by di^Jdi 
carries the time element in the denominator, whih; the otliiir, 
represented by jSdt, carries the time; element in the mimerntnr. 
In the product the time eUunent disapimrs, leaving the prmmrn 
element dependent solely on the velocity (dmnge dih Or otherwi« 
if the rate of valve closure is increased, for instance, the r«»iiir«laticiii 
will also be increased, but the time occupied and the quiiiitity of 
water involved will be corres|K)ndingly decreasiKi Thti» if tiwi 
closure is effected in one-half the time tlie acceleration will In* 
doubled and the quantity of water halved, and thus the prodwei 
will remain the same. 

The effect produced by each succe^ive value of the retardiilion, 
as indicated by a curve such as OAB^ will be; entirely siiiiiltir in fonii, 
each proportional to the element of velocity cdiangi* dt\ anil there- 
fore for the entire curve wo shall have the sum of a i#»rieii 
of elements, each similar in form to (24). 

Summing these wo liave 

wBAv w ^ ^ 

4211) 

«F 9 

and h^taAv^aipQ—v) (27) 

The expression (t'o— ») or Av for the vchidty ehangi* ut i'urx so 
frequently in the further discussion of tht»W! problems that w shall 
find it a convenience to represent it by a single Uirm, To this end put 

(Ufl— i>)=ia ( 28 ) 

In this sense « always means the aggregate ehangt^ in veloi ily 
starting from the initial velocity Uj. 

With this notation (27) becomes 

h=aa (2U) 

Equation (27) is general and applies cither te j«»rtiwl or complete 
closure. In the latter cose and k~ av^ m in (IH). 

It thus appears that the excess pressure at the valve will be 
dependent solely on the change of velocity pnaiacotl and indepen- 
dent of the time required to realize such change. 

It is also noted, by comparison wth (18), that this value of & is 
the san^ as for instantaneous closure. 

The independence of the excess pressure on the time of valve 
movement is, however, only realized within auitebk limits m to 
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length of line and time of valve movement, as wiU be shown at a 
later point. 

Returning now to the various pressure waves formed at the valve, 
it is seen that they will all travel with the velocity S, adding them- 
selves to the previous value of the pressure, so that when the wave 
corresponding to any ordinate (as AG, Rg. 45) has reached any 
point in the line, the pressure at such point will equal that at the 
valve when the given wave started. 

Let the broken line ODEF denote the integral curve of OAB, 
That is, a curve such that the ordinate at any point, as GD, is 
proportional to the area OAG and similarly for aU other points. 
Then any ordinate as GD will represent the total velocity change 
from the origin up to time t, while the ordinate BF will represent 
the total velocity Vq, This curve, measuring from OB, will then give 
the time history of the velocity change ; while measuring from 
GF to the curve, we shall have the time history of the velocity itself 
as it gradually falls from Vq to 0. 

But as we have seen, the pressure at the valve is proportional 
to the total change in velocity and hence to the ordinates of the 
curve ODEF, In other words, this curve will give a time history 
of the growth in excess pressure at the valve. 

Again, due to the wave propagation, as noted above, it will be 
clear that at any instant t, the first wave (corresponding to ^=0 
at the valve), will have reached a distance x=St, and the pressure 
condition will correspond thereto. The wave corresponding to 
the ordinate AG will just be leaving the valve, and the pressure 
there will be represented by DG. At intermediate points along the 
line, between the valve and the point x=8t, the pressure condition 
will be represented by the successive ordinates of the curve OD. 
In other words, OD is a space history of the pressure distribution 
along the line between the given point and the valve. 

Similarly the entire curve ODEF will give the time history of 
the excess pressure at the valve, progressing with the time from 0 
at the beginning of the movement to BF at the close, and covering 
the total time of valve movement T, Likewise the same curve will 
give for this instant (at the end of T) the space distribution or history 
of the pressure along the line, represented by BO, the valve being 
at B with the pressure BF, and the farthest point reached, distant 
x—ST, being at 0 with pressure zero. 

It follows further that at any point z==8t the time history of the 
pressure will be the same as at the valve, but retarded by a time 
interval t. 

These various conclusions assume, of course, no disturbance in 
the conditions, due to reflection from the upper end of the line. 


102 


HYDEAULICS OF PIPE LINES 



30. Water Ram with Rapid Partial Closure 

For simplicity of treatment, the discussion thus far has assumed 
complete closure. 

The treatment of Sec. 29 embodies, however, the more generU/l 
case as shown by equations (26), (27). 

In the various formulae for complete closure we have in any casc3 
only to substitute for the velocity of flow, the change in velocity 
expressed by {Vq—v)=^Av=s. 

Thus for any change from Vq whether instantaneous or 

gradual (so long as the conditions of Sec. 31 are fulfilled) the valuer 
of q and h are as given in (26), (27). 

The generality of these results traces back to (24), (25) which will 
have the same form whether the closure is partial or complete. It i 
any case the value of the integral of dv is Av=^s, the velocity arrested , 
complete or partial as the case may he. 

Hence in one case this integral will have the value -^0 and in the 
other {Vf^—v)^Av=s. 

31. Conditions for Realization of Assumptions of= 

SECS.’ 25-30 

Eeference has been made to the conditions under which thc; 
results of Secs. 25-30 may be realized. From the preceding disexm- 
sion it will be clear that at the valve the pressure will continue tc 
increase according to a time history as given by some curve such 
ODEF (Fig. 45), unless interfered with by reflection from the upi^c^a 
end of the line as discussed in Sec. 25. Let L=length of lino anc: 
T=time of valve movement. Then if L=ST it is clear that thc 
impulse to leave the valve will just reach the upper end of the lino ilI 
the end of the period, and the entire history of the growth iw 
pressure at the valve will be spread out along the length of the pipes 
If the length L is less than ST the first impulses to leave the valv^c 
will have started back, as a reverse or partial unloading of th^ 
pressure, before the close of the period T, If L is only slightly leBS 
than ST the upper end offthe line only will be affected by tliii 
unloading and the lower end, and especially at the valve, will sho'V 
the same condition as in the case when L=8T. If L^STj2 o] 
T=2LIS the return from the upper end will just reach the valve a.* 
the close of the period. For a shorter value of L or a longer value o 
T there will be a certain amount of unloading and reflection at tin 
valve, depending on the circumstances of the case. 

Broadly speaj^xg, then, the values : 

L=STI2 
or T^2LIS 

furnish the critical conditions regarding the pressure at the valvc; 
For convenience of notation let us represent the time 2LjS by tl% 
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symbol 2 . Then if T is less than z tbe conditions assumed in 
Secs. 29, 30 will be realized at the valve and the pressure will be the 
same as for instantaneous valve movement. If is greater than z 
there will be a certain amount of unloading and reflection at the 
valve and formulae (18), (29) no longer apply. 

If T lies between zf2 and z there will be a length of the line 
measured from the upper end, which will undergo partial unloading 
before the close of the valve movement — ^a length less and less as 
T approaches zj2. 

The condition of pressure resulting from values of T greater than 
z (2 and involving reflection back and forth from the ends of the line 
vdll be considered in later paragraphs. 

32 . Derivation by Different Methods of Certain of 
THE Preceding Formul/e for Excess Pressure 

The subject of shock or water hammer in pipe lines is of so great 
general importance that it may be well to derive certain of the 
preceding results in a somewhat diflerent manner. 

Consider first instantaneous full closure. Then holding in mind 
the total column of water of length L we find, after it has been 
brought to rest in the compressed state 1 (Fig. 35), that it has 
shortened up a certain amount. This is due, as we have seen, 
partly to the actual compression of the water and partly to the 
extension of the pipe. 

The shortening up of the column is measured by the distance 
traversed in time t^LjS by what may be termed the upper end of 
the water column with cross section A moving with velocity 
The distance moved is v^LfB and the total apparent change in 
volume is Av^LfS. 

If then J represents the virtual cubical coefficient of elasticity as 
defined in (9) we have as before : 

V J 
AV 

or m 

But dF is the total apparent decrease in volume noted above. 

Hence, 

s 

But ^I/=total volume= F and hence 

zlF 
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But from the law of propagation for an acouHtic wave wo iiavo 

g 

Whence we find a« in (IT)). 

g 

Again assuin6 partial instantaneous closuro reducing tlic vcliMut} 
frorn to v^. Then during the time t required for the eompriwHi vr 
wave to travel the length of the line L, we shall hav^e a clisc^har^e at 
the lower end under velocity Vi and a volume discharged 
Likewise at the upper end we must consider the water flowing iii 
under a velocity Vq until the lapse of time wlien the 

pressive wave will reach the upper end and the entin^ c*.<iluiiiit for 
the moment will be in a state of compression and moving with 
velocity The total volume of inflow will then be measured hy 
AVff, The difference between the inflow at thc^ upp^r eml and out- 
flow at the lower will measure the apparent change in volume diiif to 
water compression and pipe extension. Hence we shall have 


JF: 


^ A(v0-—Vi)L ..( 31 ) 


We have again the fundamental relation : 


AV . 
or 2 =“^ */. 


But 


AZ=V and from (31) we bavo 
AV__(v0--Vi) 


S 


”, and hence from (ft) 


JilZpj 


which is the generalized form of (19). 

Again substituting for J as in (12) we find 
wS{v0-v^)^ 


9 


-awSf m in ( 26 ). 


Again consider the work energy relation. The volume of the |iip^ 
will be AL and the original energy wALv^^j^tj. After time LIH tlii« 

energy will be represented by the following iteiiis : 

1. The kinetic energy of the water in the pi|m itioving with 

velocity and measured by wALv^^j^g. 

2. The work done in forcing out at the lower end the voliimi!. of 

water AvJjjS under the excess pn^siir© g. This will im 

measured by qAvJLjS, 






WATER RAM OR SHOCK IN WATER CONDUITS 105 

3. The work done in producing the apparent change of volume 
JF=A(U0 — %)A/jS'. This will be measured by 
qA{Vf,—Vj)LI28. See equation (13). 

We may then write a work energy equation : 

^^!^^=( 1 )+( 2 )+( 3 ). 

Combining and reducing we find 

® 9 


as in (26). 


33. Water Ram in Pipe Lines When Lower End of 
Pipe is Held Rigid 


The formulae and methods of Secs. 25-30 assume that the lower 
end of the pipe is free to move longitudinally. Only on this assump- 
tion can longitudinal stress be developed in accordance with 
equation (2) and only on this assumption will the virtual coefficient 
of elasticity J have the value as given in equation (10). 

If we now assume the lower end of the pipe rigidly fixed, then 
dx=^0 and we have as the only change in the (hmensions of the pipe 

dr^pr 


Following this value through with exactly the same method as in 
Sec. 27, we find 

dV 2pr 


or 


1_1 ^ 


Comparing this with (11) we find it the same except for the 
coeiBficient 2 as compared with 1*944. 

Referring to equation (3), it is seen that the presence of a stress 
(and its resulting strain) at right angles to a given stress will reduce 
the strain or extension which the latter stress would by itself 
produce. The circumferential stretch due to a given internal 
pressure will then be less than if the circumferential stress existed 
alone and not in conjunction with the longitudinal stress. With the 
latter eliminated, as in the case of a pipe with the end rigid, the 
circumferential stretch will therefore be larger than with the two 
stresses coexisting and, as the equation shows, the total extension in 
volume is practically the same in the one case as in the other. In 
fact so far as the equations apply and with the value of Poisson’s 
modulus assumed for steel, it appears that the volume expansion of 
the pipe is slightly greater with the lower end rigid than when free. 
Practically the difference is not significant. 

We may therefore conclude that whether the lower end of the 
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pipe is rigid or free the total volume expansion nix<3- 
pressnre p will be substantially the same, and therefore 
of Secs. 27-30 for J and for the excess pressure ros'd- 
sudden quenching of velocity may be practically emplo: 
dent of the degree of constraint of the lower end of tb.o 

34. RAPID Opening from Complete 

In the case of a rapid or practically instantaneous oj 
valve from complete closure, the case comes undexr 
method of treatment of Secs. 25-30. A similar systo^ 
waves will be formed, beginning with a wave of expaixsi< 
pressure, and followed by excess and defect in 
discussed in Sec. 25. The amplitude of these pressiiire 
however, not be the same as for the case of sudden clo£ 
opening is instantaneous, the pressure at the valve wiU 
from the total static head behind the valve to the pros 
discharge side. 

Actually the valve cannot be opened instantaneoru 
drop in pressure will be somewhat less than this anao 
denote the pressure drop and v the velocity of the water n 
the wave toward the valve. Then there wiE subsist bei/T 
for pressure drop and velocity generated the same ro. 
Sec. 28 for pressure rise and velocity quenched, and 
for the velocity of the water forming the wave towa/X' 
the value, 



Where h now denotes the head due to pressure drop. 

This wave will be propagated toward the upper end. 
with a velocity 8 as in Sec. 25. In case the gradient oi 
such that at aU points the absolute statical pressuro 
than q, then during the passage of the wave the pressnr 
points remain positive and the wave wiU reach the upper < 
amplitude or pressure drop practically unchanged. Atr * 
the entire column of water is moving toward the va.1'% 
velocity v and with a pressure q below the normal va/li 
inlet, however, the pressure must remain normal and r 
this point will result in the propagation toward the valv* 
of normal pressure and with a water velocity v rolatl 
expanded part or 2v relative to the pipe. This will 
reflected at the valve under conditions representing ^ 
velocity between 2v and the existing velocity at the val"v 
are no disturbing conditions, and especially if effect! 
from the partly open valve could be realized, then the xc 
be an excess pressure wave q propagated up the line ; slx 
series of pressure drop and pressure excess would alterrx.gb 
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a general pressure history similar to the case for closure as discussed 
in Sec. 25. 

In the actual case, however, disturbing conditions may enter, and 
in any event the reflection from a partly open valve is imperfect. 
The conditions contemplated in the physical picture are not there- 
fore completely realized, and the excess pressure is usually con- 
siderably less than the pressure drop and the series of alternations 
of pressure above and below normal rapidly damps out to a negligible 
amount. 

Again, if due to the gradient of the hne there should be a point 
where the pressure drop would render the pressure zero or negative, 
then there will result a discontinuity in the physical conditions of the 
problem and the wave will travel on to the inlet with a greatly 
reduced amplitude. The reflected wave will then represent a much 
reduced velocity and the series of pressure fluctuations will dampen 
out very rapidly. 

Under certain conditions of discontinuity with a rapidly opened 
valve, the return pressure may not even pass the normal static value, 
or indeed it may not even reach such value, the return from the 
initial pressure ^op gradually flattening out to the pressure value 
with friction head under flnal steady conditions. 

Broadly speaking, the initial pressure drop will vary directly with 
the degree of initial opening. With full opening from closure the 
drop will reach nearly down to the pressure on the discharge side of 
the valve. With only partial opening, the initial drop will be 
reduced. 

The further analytical development with discussion of this case 
will be found in Secs. 41, 42, as a special case of the general problem 
of valve opening. 

36. Rapid Opening from Partial Initial Opening 

The general phenomena attendant on such cases are broadly 
similar to the case of opening from initial closure, with a closer 
and closer approach as the initial opening is less. With increase in 
the initial opening there is a rapid decrease in the initial pressure 
drop and a decrease in the value of the return excess pressure 
wave, and a rapid approach toward the condition of dead beat 
return from the initial drop to the final steady flow pressure value. 

The analytical treatment of this case will be found in Sec. 41 
as a special case of the general problem of valve opening. 

36. Law of Increase of Pressure with Time, Valve 

Closure 

The equations developed in Secs. 28-30 give the maximum or 
ultimate value of the pressure reached, but do not furnish any 
indication of the time history of the growth of such pressure. 
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These equations apply at the valve so long as the time of valve 
movement T is not longer than z=2Lj8, and throughout the pipe 
so long as T is not greater than zl2^Lj8. 

The excess pressure will clearly depend, among other things, 
on the rate of closure of the valve. The usual assumption in this 
connection is of uniform closure ; that is, of a uniform rate of 
decrease of valve opening. 

Independent of any such assumption regarding the rate of valve 
closure, however, but assuming T not greater than 2LIS we may 
investigate the law of pressure change as follows : 

Let A = cross section area of pipe . 
a=area of valve opening, 
velocity of acoustic wave, 
velocity through valve. 
i;o=original value of v, 

/=coefficient of efflux through valve. 
h=qlw=exoeB& pressure head. 

Put m=alA. 

We have then three equations as follows : 

v=mu (33) 


This expresses the continuity of flow along the pipe and through 
the valve. 

k=^a(VQ — t;)=a5 (34) 

This expresses, in accordance with (27), the excess head developed 
at the valve corresponding to any reduci3ion of velocity (vq—v), and 
hence the excess head at the valve at the instant when the pipe line 
velocity is v. 


U‘ 


85 -/ 


C^r 


(35) 


This expresses the value of the head on the discharge side of 
the valve, u^l2g, transformed under efficiency / from the total net 
head on the upper side of the valve, made up of the original head H 
plus the excess pressure head h, minus the friction head Lv^lC^r 
(see Chap. I (44)). 

Putting (35) all in terms of u and transforming we have 

Mu^=H+h (36) 


* In. this expression, the term Ay (see Chap. I (44)), representing the differ- 
ence in the external pressure at the two ends of the line, is omitted. This 
does not involve any lack of generality in the present treatment. In any of 
the subsequent equations of the present chapter, wherever H occurs, H-}- Ay 
may be substituted for it, if Ay has a value other than 0, thus giving full 
generality of treatment in this respect. 
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If then between (33), (34) and (36) we eliminate u and r and 
reduce tlie equation in h we have 

h^-2 (37) 

Put E—OVq 

^ 2if 

Then (37) takes the form 

h^-2(E+F)h+JE'^-2FH=^Q pgj 

Solving this as a quadratic in Ji we have 

h=={Ei-F)--^/Y^-^2F{H+E) ( 39 ) 

When m=w<, we find E^=2IE, and h in (39) reduces to 4=0 
as it should. 

When J=0 and h reduces to av^ as it should. 

If then we take a series of values of m from to 0 and corre- 
sponding to valve movement from start to full closure, we may, 
with the known hydraulic characteristics of the case, find the values 
of E and F and hence of h. 

We may then find s from (34), thence v and % if desired from (33). 

The time history of the pressure head h and the velocity v is ^ 
shown for four typical cases in Fig. 4^. 

In a the value of h remains negligibly small during the early |»rt 
of the movement, only beginning to rise at the very last, and then 
jumping with great rapidity to its maximum value at the instant 
of complete closure. 

In h the rise is slow at first and then more rapid, bnt in less pro- 
nounced degree than in the case of a. 

In c the curve is of the same general character, but more nearly 
approaches a uniform rate of pressure rise. 

In d the curve is only sbghtly convex to the axis of time, showing 
a nearly uniform rate of increase. 

Tbe bistory of $ will be the same as that of h and the history 
of V will hence be similar, hut in the inverse direction, as noted on 
the diagrams. 

In a the reduction in velocity is ne^i^ble during tbe vidve move- 
ment up to the last tenth and then the velocity is rapdlj rmiueed 
to zero, accompanied by the rapid uj^oot in the value of h as 
noted above. In 6, c, the rate of reductioii of t? changes progres- 
sively toward tbe conation indicated in d, where a nearly uniforin 
rate of reduction is realized. 

Tbe characteristics of these various cases, as noted, lead to the 
following general conclusions : 

Tbe controlling condition giving rise to a pressure history such 
as tbat of « is a large value of Wq, that is a v^ve or nozzle o;^ning 
nearly or quite tbe fuU size of pipe. In tbe caae of a, 

This implies a pipe with gravity flow and hence the entire head H 
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used up in friction and velocity, or since the latter head is small, 
it follows that substantially the entire head E is used up in 
friction. 

Other things equal, the head Ji will he small with large^values 
of jP, and will increase more and more slowly with decrease in m 
in accordance as the value of L is greater and greater. 

Going to the other extreme as represented by the case of d the 
initial value of m is very small (*02) and the head is very high 
(2700 (f)). At full pipe hne velocity of 8*04 (fs) the velocity head 
is about 1 foot and the Motion head is 85*5. Hence but a small 
fraction^ (3*2%) of the total head is used up in friction and velocity, 
the remainder (96*8%) being available under steady conditions as 
pressure head. 

The cases represented in h and c are intermediate between those 
of a and d. The fraction of head used in Motion in the four cases 
is progressively *968, *65, *17, *032. While other factors wiR modify 
the form of the curve to some extent, the general progression from 
that of a to that of d will correspond to a lesser and lesser fraction 
of the total head absorbed in friction. 

37. Law of Decrease of Pressure with Time, 
Valve Opening 

The treatment of the case of valve opening is in effect contained 
within that of closure, as in Sec. 36. It is only necessary to remember 
that for valve opening, Ji is negative and to modify the resulting 
equations accordingly. 

The treatment of this case in further detail will, however, be 
found in Sec. 41, as a part of the more general treatment of the 
case of valve opening. 


38- Gradual Closure *. Time Long Relative to Time 
2LIS FOR Double Traverse of Acoustic Wave* 

In this case there will be a series of reflections back and forth 
from the two ends of the line, somewhat after the manner assumed 
in Sec. 25. The total effect, however, may be considered as made 
up as a summation of successive effects due to successive move- 
ments of the valve and to the consequent successive elements of 
velocity reduction and the resulting elements of pressure change. 
Thus as in Sec. 29 an elementary or differential change in velocity 

* Notation : In this and following sections of the present chapter it will 
be found of special convenience to denote the value of the reduction in 
velocity {Vo-v) by the single symbol s and also a series of values of h, 8 and 
other quantities belonging to a series of time instants t, f~z, ih-2z, tr-^Zf etc., 
by hf hij etc. That is, no subscript implies a value relating to the 

instant of time t, a subscript 1, to an instant earlier by z, a subscript 2, to an 
instant earlier by 2z, etc. 
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dv taking place in an elementary or differential time dl wil 
produce at tke valve an elementary or differential pressure change 

measured by 

and this element will move with velocity S as an elementarjin^s. 
sure wave along the pipe and suffer reffection back and forth some- 
what as indicated in Sec. 25, 

At any point in the line therefore, and at any subsequent time, 
the total net excess pressure head h be the algebraic summatioii 
of all such elements, both direct and reflected, as have, during such 
time, reached or affected such point. 

With reference to such conclusion, however, one important 
reservation must he made. 

The reflection of pressure waves in a liquid back and forth from 
the two ends of the line, as assumed in &c. 25, assumes complete 
or perfect reflection from each end of the line. Also in the ideal c age , 
the damping effects due to viscosity are neglected. 

With regard to reflection from the upper end of the line, such 
reflection is based on the condition of a constant pressure at this 
point, and such condition must obviously be f ulfill sinee just 
beyond the upper and open end of the pipe we can only have the 
reservoir pressure, which is assumed constant in value. Hence 
we may with propriety assume that, at this end of the line, 
tion will he realized with a close approach in manner and degree 
as assumed. 

On the other hand, the reflection from the valve end assume 
the valve closed before the reflected wave returns to this end of 
the line. A dead end, and at which the velocity must become 2 »ro, 
is therefore the implied condition for the complete reflection assumed 
in these earlier sections. With the conditions of the present section, 
however, the reflected wave returns to the valve end before closure 
and while water is still issuing. The reflection cannot therefore be 
complete. ^ 

The degree to which reflection is realized will presumably depend 
on the closeness to which the condition of a de^ end at the valve 


with zero pipe line velocity is approached. 

Thus with an area of valve opening at the start the full aie of 
the pipe and in the early stages of the movement, the area wil 
be but slightly reduced, the excess pressure developed will tend to 
increase the issuing velocity u, and there will be but sight reduction 
in the main pipe velocity t;, and in consequence the reflection must 
be quite incomplete. As the valve approaches the closed petition, 
however, the area through the valve wfll become much reduced, the 
pipe velocity v will become small and more complete reflection 
should he realized. Otherwise, considering the valve as equivalent 
to a diaphragm moved across the opening, we may say that in the 
early stages of the movement there is hut a small area of diaphimgm 
available against which a reflected wave can form, while near the 
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close of tlie movement such area will be larger, and more complete 
reflection will be realized. 

Again, in the case of a pipe line under high head and with a 
nozzle area a, even when wide open, small compared with the pipe 
line area A, it seems probable that, at aU stages of the valve move- 
ment, relatively more complete reflection should be realized. The 
closure of a nozzle from area a to zero may, in effect, be considered 
as the last stages of a closure of the complete area from A down 
through a and to zero. From another viewpoint we may consider 
that the end area available for the support of a reflected pressure 
wave will be (A— a) even when the valve is wide open and wiU 
gradually increase to A as the valve is closed. 

These points stfll remain in uncertainty, however, and there is 
much need for further experimental study of the general problem 
in order to determine more definitely the extent to which reflection 
of pressure waves can be realized from the delivery end of a pipe 
discharging water through a nozzle or opening of varying area in 
relation to the c.s. area of the pipe. 

We must, however, in general conclude that the reflection of 
pressure waves from the valve end of a pipe under discharge will 
be more or less imperfect or incomplete, approaching complete 
reflection as the flow of water becomes less and less, and realizing 
substantially complete reflection from and after the moment of 
valve closure. 

In Sec. 40 will be found some further discussion of the subject of 
partial reflection at the valve. 

The condition of complete reflection may in general be con- 
sidered as a limiting case to which actual cases will approach as the 
attendant circumstances may determine. It becomes therefore a 
matter of interest to develop, at least in general outline, the results 
which may be expected in such limiting case. 

To this end and holding in mind the principles of Sec. 25 we have 


(^) 

whence 

(41) 

Or with the special notation of the present section, 

25i+252^253+etc.) (42) 


Thus in (40) the first term represents the element generated at the 
valve at the instant t, the second term the element generated at the 
valve at the instant (t—z) or and which has, in the meantime, 
travelled to the upper end of the line and back again, arriving at the 
instant t and, by complete reflection as discussed in Sec. 25, operates 
to reduce the pressure condition at that instant by 2advt^g, or by 
twice the amount of the element generated at the instant (t—z). 
Similarly the third term represents the element generated at the 
valve at the instant (t—2z) and which has in the meantime com- 
pleted one full cycle of four traverses of the length L, and thus 
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returns to the valve at the instant i as a wave of positive pressure 
and by reflection then gives a positive element of 2advt-22 or twiee 
the element generated at the instant [t—2z). 

The remaining terms, however numerous, indicate successive 
elements generated at the valve at successive time intervals of s 
counting backward from the instant under consideration. The 
number of terms, therefore, wUl be given by the whole number next 
below tjz. These terms, as readily seen, will have alternately miiiiis 
and plus signs according as they have made an odd or an even 
number of double traverses of the length L. 

In equation (41) the successive terms indicate each the summa- 
tion of a series of elements adv, all of which are similar in sense and 
time history (number of double traverses of pipe line length). Thus 
for the first term the time period is 0 to i, giving the summed effect 
(aU in the positive sense) of all elements as formed and previous to 
propagation or reflection. Eor the second term the time interval 
is 0 to {t—z) or giving the summed effect (all in the negative sense) 
of aU elements which have had time to make the double traverse 2L 
with return to the valve and reflection at that point. For the third 
term the time interval is 0 to (t—2z) or giving the summed effect 
(all in the positive sense) of all elements which have had time to 
make two double traverses, or one complete cycle, with return to 
the valve in the positive sense and reflection at that point. 

In this manner the various terms are made up, each representing 
the summation of elements which have made at least a given whole 
number of round trips from the valve to the upper end and return, 
successively 0, 1,2, 3, etc. 

It should be noted that this entire development of an expre^ion 
for the resultant h in the case of a closure extending over a time I 
larger than z is only an extension, by the process of summation, of 
the principles and methods developed in S^. 25 and 29. 


Re-writing (42) we have 

^=a(5— 2ai+2s2~2a3-fetc.) (42) 

We shah have similarly 

;^^=a(ai— 252+253— etc.) (43) 

It is readily seen that these two expressions after the terms In 
have the same ternas with opposite signs. Hen(^ 

i^+^=a(5 — %) 

Again, in equation (42) put 

R=25i-252+253-etc (45) 

We have then h^ais—B) -4^) 


Noting the make-up of hiy as in (43), we also readily see that 


^=a(J5— 5^) 

or - 

Thus from either equations (44) or (46), (47) it appeara that the 
value of A for a given time t can be imme<hately determined if we 
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can find s for the same time and knowing also h and s for a time 
{t—z). Or otherwise if we know A and s for a time t and can find s 
for a time we can find h for t-\-z and so on for a series of values 
of t separated by the interval z. 

Those results are of remarkable simplicity, connecting, as they do, 
successive values of h separated by the time intervals. 

The determination of the values of h during any period of time in 
general, involves three distinct phases or time periods : 

1. f between 0 and 2 :. 

2. t between z and T. 

3. t beyond T. 

With proper interpretation (44), (46) and (47) apply generally 
to aU three periods. Thus for the first period the subscript 1 
implies a time (t—z) negative and in such case the term is to be 


omitted, giving in (44) : ( 4 g) 

For the second period the equations apply as written. 

For the third period, for and beyond, s becomes Vq, Hence 
for values of t between T and T-\-z we shall have from (44) : 

( 49 ) 

while for {t—z)>T or ^>(5^+2), both s and 5^ become and we 

(60) 


It now remains to provide means for the determination of the 
value of 8 corresponding to any given time t. 

In Sec. 36 equations have been developed for the determination 
of the time history of each of the various quantities h or q, u, Vy 8, 
and on the assumption of a time of closure T less than 2 . These 
equations will therefore apply directly and without change to the 
present problem for the first time period from ^=0 to ^= 2 . 

For the second time period from t=z to closure, or t==^T, we 
proceed as follows : 

Equations (33) and (36) apply to this time period without change. 
Instead of (34) we have (46), and this becomes 

h—a{vQ—v—B) (51) 

Combining these so as to ehminate u and v, as in Sec. 36, and 
reducing the equation in h we have similar to (39) : 

h^{E^F)~^F^+2F {E+B) (62) 

Where E=avQ—aB 

as before,* 

and 

When m=0, jP=0 and h^E=avQ — oB as it should from (51) 
with v=0. 

* For an expression for F not explicitly involving the quantities m and / 
(as in notation of equation 36), see Appendix II. 
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It will be noted that (52) differs from (39) only in the term E 
which here a|)|)oarH as (xv^—aB instead of cxVq, 

Repeating for convenience (33) and (36) we have 


(53) 

(54) 


Where 

and m--ajA and wliere a may vary in any specified manner with 
the time, 

Tlie coiidition of uniform rate of valve area closure is often 
asHumcKl in dcialing with problems of shock. In such case if is the 
original or full o|Kming we shall have 

(56) 

It should l)c especially noted, however, that in this general 
midJiod of tnmtment it is not necessary that thc^ valve follow any 
|)articular law in closing and in |)articular that the treatment is in 
no wise limited to the case of linear closure. The various equations 
of the prc^Bcmt section expressing h as the sum of a series of terms 
arc? entirely indeixmdont of any term expressiiig the time rate of 
valve movemumt. The valve opening is represented solely by the 
factor m whicih ap|K^ars in equations (36) and (38), and no matter 
what the character of the valve movement may be, so loiig as it is 
known, it will bt^ possible to assign to a series of values of t tho 
c<>rreB|K)nding series of values of w. This insures, therefore, tho 
solution of the problem for any assigned rate or character of valve 
movement. 

In any case, therefore, the x)rogram for finding a series of values 
of h extending over any |>eriod of time from 0 to i is as follows : 

L The conditions of the valve movement determine tho values 
of m. If the ratio of closure is assumed uniform then m for any 
value of t is given by (55). 

2. Ifrom the known hydraulic and other characteristics of the 
case find the values of the various terms in equation (62), omitting R. 

3. With a time interval At as selected and tho various numerical 

values of tlio terms in (52), putting B==0, find the corroBponding 
series of values of h up to the value of t next smaller than z. Theti 
find the resulting values of s, v and u, if desired, using (48) and (53). 
This will give a series of values covering the j;)eriod up to z or up to 
the nearest iK>int lielow z, A further |K)int may then be found in 
tlic same manner for If the time interval is exactly contained 

in z, the regular series will contain the point for as its last 
momtor, A value of the time interval At which is either equal to z 
or an even submultiple is to be advised in a program of computation 
of this character. 
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4. Then taking for t a value z+At, find from (47) the value of 
aB==Aj+a,9i=2*’i or 2*’ at time At, and with this value of B and the 

appropriate* Tallies of the other terms find from (52) the value of 
and theiiee s from (46) and thence v and n if desired. 

5. Continue the process by taking next t=z-\-2At and find from 

(47) the value of or 2a at time and similarly for successive 

steps. Beyond t=^2z the value of B will no longer equal 2^^ hut will 
always be correctly given by (47). 

6. Beyond i=T the procedure is simplified through (49), (50) and, 
as will te seen, the time history of h then becomes a periodic curve 
with alternate positive and negative maxima equal to the value 
realized at and with a complete period of 22. 

It thus appears, in the development of such a series of values 
of that each set of terms found for a time t serves to determine 
through (47) and (52) the h and thence the $, v and u for the 

time i+z. 

It further results that a value of h at any single value of t cannot 
ill general be found except as a member of the series extendnig at 
least from ^=2. The complex condition of multiple reflection, 
back and forth, does not seem to permit of representation in a single 
equation with known terms, unless, indeed, such equation were made 
of such complexity as to represent in effect the series of operations 
required to determine the series of values as above indicated. 

Sample Computation. — In order to indicate the character of the 
numerical operations in connection with the solution of equation 
(52) the following sample computation is given.* 

The basic data taken are as follows : 

jD=4000- (f). 

D= 1. (f). 

£r= 500- (f). 

Chezy Coef. (7= 110- 

/= *96. 

6r==4000- (f8)i 
fno= -05. 

Arrest of valve at half closure or mi=*025. 

Rate of valve closure TOmo=*005 in time 2=2 (s). 

We then find X/aV=l'322 and l/2^/=-01618. 

The initial conditions are found in the column under t='00. To 
tins end only the quantities necessary are entered. M=ll2gf-\- 
Lm^jC'h results as shown, and then and v=m%. 

For 1=2, R=0 and hence 

M is next found from the value of w= -045 and similarly F. 

In this form of computation equation (52) is put in the form 
(56), and the solution proceeds as indicated, giving a value ^=44*8. 

remainder of the column then furnishes a check on the numerical 
accuracy of the work, and also serves to determine E for the next 
step with 

*■ See also Sec. 39. 
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Thus we find u from the relation (see equation 

(54)), and v from v=mu, s from s=(Vq-^v) and aB^ from aBn= 
(^+ 05 ) (see equation (47)). 

In this notation B^ denotes the B for the next step ahead. 

Then with these values we find from E^=[avQ—B^), where 
likewise E^ denotes the value of E for the next step ahead. This 
gives ^^=905*5, which is then entered as the E for the nextjstep 
^= 22 , and thus the computation proceeds. 

The intermediate steps for t—Zz and 42 are omitted and the 
results then given for i==52 carried through in the same manner. 

Then for ^== 02 , m and hence M and F remain the same as for 
t~6z, and thus the computation follows through giving a value 
of A=-16-67. 

The numerical check referred to is found in the relation li=a{s—B) 
(see equation (46)). Thus the difference between the as in one column 
and the aB^ found in the preceding column should equal the value 
of h. It will be noted that this relation checks out within the 
nearest tenth, which is as close as the number of places included in 
the computation will secure. 

The full results for the case up to t^\Oz are shown graphically 
in Fig. 566. 


SAMPLE COMPUTATION 


1 . 

t 

•00 

z 

2z 

5z 

ez 

2 . 

m 

•060 

•046 

•040 

•025 

•025 

3 . 

E 


995 - 

905-6 

612-9 

507 - 

4 . 

m* 

-0026 

•0020 

•0016 

•00063 


5 . 

l - 322 m « 

•0033 

•00268 

•00211 

-00082 


6 . 

•01618 

•01618 

•01618 

•01618 

•01618 


7 . 

M 

•01948 

•01886 

•01829 

•01700 

-01700 

8 . 

am 


5-69 

4-969 

3-106 


9 , 

(am)* 


31-25 

24-69 

9-647 


10 . 

2 Af 


•03772 

•03658 


•03400 

11 . 

P 


828-6 

675 - 

283-7 

283-7 

12 . 



1495 - 

1405-5 

1112-9 

1007 - 

13 . 



2323-6 

2080-5 

1396-6 

1290-7 

14 . 

(H-HE)* 

2235026 - 1975400 - 1238600 - 1014050 

15 , 

(E4-E-I-.F)* 

5399100 - 4328400 - 1950500 - 1665900 - 

16 . 

Dif!. 

3164075 - 2353000 - 711900 - 651850 - 

17 . 

t/"” 


1778-8 

1534 - 

843-75 

807-37 

18 . 

(E-fE) 


1823-6 

1580-5 

896-60 

790-70 

19 . 

h 

•00 

44-8 

46-6 

52-85 ( 

-) 16-67 

20 . 

H~\-h 

500 - 

544-8 

546-5 

552-85 

483-33 

21 . 


25665 - 

28890 - 

29880 - 

32520 • 

28430 - 

22 . 

w — V 

160-2 

170 - 

172-86 

180-33 

168-61 

23 . 

V 

8-01 

7-65 

6-914 

4-508 

4-215 

24 . 

^0 

8-01 

8-01 

8-01 

8-01 

8-01 

25 . 

s 

•00 

•36 

1-096 

3-502 

3-796 

26 . 

as 

•00 

44-7 

136-1 

435-1 

471-4 

27 . 

aBn 

•00 

89-5 

182-6 

487-95 

454-73 

28 . 

aVo 

995 - 

995 - 

995 - 

995 - 

995 - 

29 . 

En 

996 - 

906-6 

812-4 

507 - 

540-27 
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Graphical Treatment of Equation (52). — ^It is seen that equa- 
tion (52) may readily put into the form 

h= (E+ F) - ^(EL+JS+F)^- (H+E)^ (56) 

This form readily lends itself to graphical solution as in Mg. 46. 
Lay off AB, BC, CD representing respectively H, B and F, 
Then AD=H-i-B-{-F. With AG as radius draw the arc CQ. To 
this draw the tangent DP and then the radius AP. Then AP= 
H-A-B and Pi)=the radical in (56) and swinging over the arc 
BR from D as centre we have h=PR. 

Pressure at any Point in the Line. — The discussion thus far has 
related solely to the pressure at the valve. The same principles 



Fig. 46. — GRAPHiOAn Solution of Equation giving Value 
OF Pressukb Heal k. 


as developed in Sec. 38 and generalized for any point P at a distance 
X from the valve, enable us to write down a general equation similar 
to (42) as follows : 

h=a{st^i — — otc.)*. . . (57) 

As in (43) each of these terms represents the summation of those 
parts of the final result which have had, so to speak, a common 
life and which thus admit of summation. The first term is the 
summation of the elements generated at the valve, and which have 
at least traversed the distance x between the valve and the point 
P, distant from the valve by the time interval i. The second term 
is the summation of the elements generated at the valve, and 
which have at least traversed the distance L to the upper end and 
back again to the point P, a distance 2L — x and requiring a time 
(z—»). These come back as an unloading of pressure and hence 

* In this and subsequent equations, i=tinie x/S, 
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appear with the negative sign. The third term is similarly the sum- 
mation of the elements which have at least traversed the distance 
L to the upper end and hach again to the valve and back by reflec- 
tion there to the point P, a (hstance 21-\-x and requiring a time 
{z+i). This like vase operates as an unloading term and hence 
appears with the negative sign. Similarly the other terms repre- 
sent the summation of elements corresponding each to a common 
distance of propagation and approaching P alternately from the 
upper end and from the valve. 

It is of interest to note that when the point P is at the valve and 
a;=0, the two unloadings represented by the second and third 
terms occur simultaneously at the valve, and become by their 
sum or as in equation (42). In this manner by the assump- 
tion of x=Q or i=0, equation (57) becomes reduced to (42), and 
the latter is thus seen to be onjy a special case of the former when 
x=0. 

Writing equation (57) for time {t—%) and adding the two values 
thus found, we have hy the cancellation, of all terms after the 
second, (58) 

It wOl be noted that at any given instant of time, s is the same 
throughout the length of the pipe. Hence the investigation 
of the pressure at the valve end will give a series of values of s 
which may he applied throughout the length of the line as indi- 
cated in (57) or (58). 

To this end we need a general history of s on time, and this may 
he most conveniently laid down graphically from the results derived 
for the valve end. 

With such a graphical history of s, the determination of h for 
any point in the line and at any time becomes, through (57) and 
(58) a matter of simple routine. 

Equations (57) and (58) are entirely general and may be thus 
applied over any time period, with the single interpretation that 
when any subscript is zero or negative, such term is to be omitted. 
In this manner (57) could he employed as fax as might he desired. 
If the number of terms becomes large, however, the operation 
grows in numerical complexity, and in this case the relation ex- 
pressed in (58) may he employed with advantage. 

It is also of interest to note in (57) that if x^L, ^=z/2 and the 
successive terms become equal in pairs with opposite signs and 
thus h=0 as it should. 

Assumption of Uniform Value of d'vfdt. — In discussing the problem 
of shock the assumption is sometimes made of a uniform value of 
dv/di, that is, of a uniform retardation in the velocity v. In such 
case each of the elements dv will be equal, and the value of s up 
to t==^T will always be given by 



Where n is the constant value oi—d'vjdt 


( 59 ) 
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Ecpation (44) for this ease becomes 

^4- A|, ==a»2=coiistant (60) 

Ail e»itiiiiatioii of (42), rt^membering that subscripts when 0 or 
negative ini pi j the oinission of the ternij shows readily that A 
start itig from O iiicnvases uniformly up to t=z, where it reaches the 
value mz. It then begiiiB to decrease at the same rate, as is also 
implieii in (60)* Consideration of (42) and (60) shows that in such 
the graphical history of h wmidd consist of a series of straight 
line Blopi niiiiiiiig from 0 to a maximum of anz and then down 
to 0 again, and with a complete time period of 2z. This will hold 
m long as the vaiva is in movement. After closure and beyond 
f.= J-42, we shall have, as l)efore noted, A=~Aj. That is, any two 
values with a time interval c will l>e equal and apposite in sign. 
Examination of this part of the history in detail will show that the 
graph wil be m indicated ii Fig. 47, where the full lines show the 
up and down slopes during the period of valve movement, and the 
dotted lines show the various forms which the^graph would take 



Fio. 47 .~IIistoby of Pbessvbe Head h assumii^g If^riFOKM Rate 

OJ VEnOCTTV ChA^^GE (CiOSURE). 


after closure, dependant on the value at i—T. Thus if the 
graph will foEow the dotted line as indicated from ^ on. If the 
terminal point when Hes on a down slope as at C the graph 
win Mow the dotted line as indicated and similarly for other 

These graphs are readily seen to fulfil the following laws : 

L Values separated hy a time interval 2 : are equal and apposite 
in sign. 

2. The complete period is 2z, 

3. The ^aphs will in general have flat and sloping sides, 

the slope of the sides being twice that of the fuE line part 
Moiigiiig to the period of valve movement. 

I. The flat to|B mark maximum and minimum values, which 
are alternately positive and negative in sign and equal in 
immeric^ value, 

5, numeric^ value of the maximum (or minimum) equals the 
vrfim imehed at the instant of valve closure. 
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6. If the instant of valve closure is x>n an up slope, as at A or D, 

the graph starts off on a flat top at this value of Ti and 
continues for the rest of a period z. It then falls until 
and reaches a numerically equal negative value, 
and so on as shown. 

7. If the instant of valve closure is on a down slope as at G, 

the graph falls during the remainder of a period z, reaching 
a negative value equal numerically to the value at valve 
closure, and then starts off with a constant value of h, which 
it holds until t=T-\-Zi when it rises and follows its course 
as shown. 

It is of interest to note that if the instant of valve closure, occurs 
at the end of an odd number of periods z, bringing the point to the 
top of one of the slopes, the graph will continue as a series of right 
line slopes implying a series of positive and negative extreme 
values equal to anz. 

If, on the other hand, the instant of valve closure occurs at the 
end of an even number of periods 25, bringing the point to the bottom 
of one of the slopes where ^=0, the value of h mil continue to hold 
zero as a constant value, and the excess pressure head in this case 
disappears with the closure of the valve and remains 0 indefinitely 
thereafter. 

While this analysis of the conditions resulting from an assumed 
uniform value of dvjdt has an interest as a part of the general 
problem, and especially as illustrating the effective manner in which 
the equations above deduced serve to determine a wide diversity 
of results according to changing conditions, it must be recognized 
that the fundamental condition of uniform retardation is one not 
hkely to be met with in actual practice. 

39. Gradual Partial Closure, Time as in 
SECTION 38 

The discussion of Sec. 38 has assumed full closure as the final 
condition. If instead the valve remains partly open, we have in 
effect an arrest of valve movement at a time T followed by a con- 
stant value of m and such values of A, s, v, u as may develop. We 
have here to distinguish two periods : 

1. The period from ^=0 to t==^T, when the valve movement is 

arrested. 

2. The period subsequent to t=T. 

Obviously the condition for the first period is the same as for 
the corresponding part of a case of assumed full closure with the 
same rate of valve movement up to and asj treated in 

Sec. 38. r::; ^ ^ ^ 

Tor the second period we shall have relations between A, 5, v, u 
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rxpre^ by the same general equations as before but now with 

.1 rot >, taut value of m. ^ ^ x -» • 

The geiipml |>rfH:eclmre for finding the time history of h dunng 
tfiH firTiiMl is themfor© the same as described above for the case 
i4 full hot with a constant value of w. This will giv’e an 

4'otirtiy eoui^ to the sequence of values. Wten the 

^rvfjii of h during this peritKi will show” a series of excursions posi- 
tive ant! nt^gativa of decreasing amplitud© and gradually approach- 
ing iK wliile the values of v and u will approach those for steady 
i'enditiiJiis under the given fixed value of m. The general character 
of ^aplis Is givt^i ill Jigs. 54—56. In some cases, as determined 

h\ liiaraeteristies, the return of h to the zero value may be 

In' grai.iiial dciTements without oscillation through positive and 
negative values (sec^ Fig. 54). While the equations would, further- 
i!iort% iniliimte an indefinitely long period of time for the attainment 
of final steady eoiiditions, the influence of viscosity and the failure 
to rtnilize reflection as assumed, will rapidly obliterate the oscilla- 
tions of I'l'fcssiire and reduce the vmlues to those for final steady 
tiiiw c’onciitions. The rapiditv” of return to zero, or to a negligible 
value, also varies in marked degree with the characteristics of the 
(nee Figs. 55, 56), 

Xatiirally, in dealing with partial closure, any law of reflection at 
the valve end may ^ assumed, either full reflection or partial, 
according to the various methods of estimate as discussed in 

Scv. 40. 

40. Partial Reflection at Valve (Closure) 

The treatment thus far has assumed full reflection of the pressure 
vrave at the valve, a condition winch, as we have already seen, will 
l)€* only imperfectly realized in practice. It becomes, therefore, of 
interest to examine the results of an assumption, of partial rather 

than lull reflection at the valve. 

There are at least four assumptions w”hich may he taken as a 
basis for the specification of a partial reflection, as follows : 

L A constant fraction of full reflection. 

2. A fraction of full reflection measured by the ratio {mQ—m)lmQ, 

That is, reflcx?tion in proportion as the valve opening is 
reduced In area from full opening to closure. 

3. A fraction of full reflection measured by the ratio {A—a)jA, 

That is, reflection in proportion as the cro^ section area of 
the pipe A is closed over at the valve end. 

4. A fraction of full reflection measured by the ratio That 

^ . . ^0 
IS, reflection in proportion to the decrease in the velocity of 

the water. 

We Iffiefly indicate the results as developed from these 
regarding the degree of reflection realized. 
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Case 1. — ^Let/ denote the constant fraction. Then equation (42) 
will become 

^z=a(5--(l~f"/)5i+/(l+/)52---/^(l+/)^3+^^^*) 

The second term represents at time t an unloading with reflec- 
tion The third term develops first at time (t—z) as an unloading 
^2 with reflection /^2 then at time ^ as a second unloading fs^ 
with second reflection giving by the sum of the two latter the 
term as written ; and similarly for subsequent terms. 

Denote all terms in the parenthesis after the first by B we then 


h=a{s-^B) (62) 

With the make-up of (61) we then readily find, in a manner similar 
to that followed with fidl reflection the following relations : 

^+A=a(<^— %) (63) 

aB —fhi -1- aSi (64) 


It will be noted that these equations aU reduce to the forms for 
full reflection, as in (42), (44), (47) if we put/=l. 

We may then proceed, exactly as indicated for full reflection, 
using equations (52), (53), (54) but with the value of B as in (64). 

Case 2 . — We shall in this case have for /a varying value given by 

There will be, therefore, a value of / for each instant of time 
during the closure, and in particular a series of values for the 
instants t, t—z, t--2zy etc. These we may denote by /, f^, /g, etc., 
the same as for the series of values of h, s, etc. 

We shall have, then, instead of (61) the equation : 

. . .( 66 ) 

The second term represents at time t an unloading Sj^ plus a 
reflection fs^. The third term develops first at time (t—z) as an 
unloading with reflection and then at time ^ as a second 
unloading fi $2 with second reflection giving by the sum of the 
two latter the term as written ; and similarly for the other terms. 

Denote, as before, everything within the brackets after the first 


term by B. Put also 

•P=5i'-/i52+/i/253’~-©^c (66) 

Then Pi=52— /2^3+etc (67) 

Whence we derive 

or (68) 

We have then for (65) h=^a{s-B) (69) 

and from the composition of (65), (66) it is seen that 

R=(1+/)P (70) 

We also readily derive the relation 

h+\=^a{8^f8^-^P^{l^fh)) ( 71 ) 
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It will !»' noted that (*'w) and (71) reduce to the forms for full 

rt-tL'i t’OI! jf WC p!lt/~l. . , , „ a J.- 

Wf* infiy as for tlio cas© 'witli full rcrloctioii 

tuiditij hfT,m\ he’) with the value of B as given by (70), (68) and 
ilji.iu'it: < and r fnua (69) or (71). _ . 

Case 3 — In this caw? the resulting fundamental equation is the 
#.A!tn' iw («».») for Case 2, but, aith different values of /, /i, etc., vve 

litivu here : 

/,='^.^=l_^=(l-w) (72) 

*■*1 

a program of morement for the valve, therefore, 

f kocmii for any instant of tim.€ and we may then use the 

iM| fiat i* HIS of CW 2 but' ^ith the appropriate values of /. 

Ca^ 4— In this fa^> we have for valve closure 



riMii liuiH o for the series etc., we shall have ^/i’oo^iA^o> ^2/^0^ 

V' i s., * u 

We may. thert^fore. use the same general equations as for Case 2 
e,S 4 .i:‘|)t- that in this ease we do not know, for any given time t, the 
valiie of /, since this depends on r and this in turn on u or h. This 
iiirpiieit ndatioii does not, howewr, introduce any new variable 
into t he equations and we proceed by taking equations (33), (36), 
ftilh with the sf)ecial values of B and / as given in (70) and (73). 
Fruiiii these equations, and substituting for s in terms of t?, we 
eliiiiiiiate i\ u and s, and derive, as in Sec. 36, the value of hy 


where 

and 


h^{E+F)- 

iJ=a{r0~-2P) 


m t;o 




...(74) 


the same in form as in Sec. 36 and in the previous cases, and differ- 
ing only in the values of E and F, 

IVe may, therefoi^, follow through step by step first using (39) for 
and to determine the initial values of P, and then using these 
reaiilts in (74) for the determination of A, m, v and s for times between 
2 and 2:, and then using the latter values to determine those for the 
iicixt interval r, and so on as previously indicated for the case of full 
refleetioii. 

xLh betw^eeii these four bases for estimating the degree of reflection 
rerilked, w’c have little experimental evidence as a guide. There is 
110 reason for assuming a constant value of /, but a constant value 
sdint'wlmt less than 1 would presumably give mo.re accurate results 
ikmi to Msume it constant at 1, as with the assumption of complete., 
rofeetioa. 

m mm w'ImB the open valve is the full size of the pipe, 
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assumptions 2 and 3 "become the same, and in such case assumption 4 
will difier uddely from these in the values of / through the period of 
closure. 

For a case where the open valve area is small relative to the cross 
section area of pipe, assumption 3 will imply practicahy complete 
reflection, while in such case assumptions 2 and 4 will more nearly 
agree. 

41. Gradual Opening.- Time Long Relative to Time 
2LIS FOR Double Traverse of Acoustic Wave 

The treatment for the gradual opening of a valve is, in principle, 
contained in that of Sec. 38 for closure. We shall have the same 
relations as expressed in the fundamental equations of that section 
but with the following interpretations : 

The change of head h is now a decrease instead of an increase and 
is essentially subtractive instead of additive. 

The change of velocity s will he reversed in direction ; that is we 
sLaU hare s^v-v^ 

instead of (28) and if the opening starts from complete closure we 
shall have 

With this understanding we may, parallel to (36), (51), (33), write 
the fundamental equations as follows : 

A=a(v — 
v=mu 

Combining these as for the case of closure, W’'e derive the equation 
for k in the same general form 

h^-+27i{JE+F)-i-E^-2HI=0 

or 7i=:-(E+F)+^F^i-2F{E^E) (75) 

Where E=aVQ+aB 

^ 2if 

and aB=\ -[- as-^ as before. 

If the valve movement starts from full closure, we shall have 
t?o=0 and E^aB. 

It follows naturally that this general method of treatment may 
he applied to the determination of the value of h at any point in the 
line and assuming any law of reflection at the valve end, the same 
as for closure and. developed in detail in Sec. 38. 

With the proper definition of the quantities involved and with 
the proper interpretation of the results, therefore, the entire treat- 
ment developed in Sec. 38 may be directly apphed to the case of 
opening as well as closure. 

It must, however, be remembered that the total pressure head 
at any point in the line cannot become negative and hence, any 
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.re’Siilt Implying a final alBolnte pressure negative in value will imply 
rat tier a break in the water coluinii, turbulent conditions and a 
state of afiairs generally where the physical basis assumed for the 
treatiiieiit of Sen*. 38 no longer exists. 

In (75), if we put A=0 and reduce, we find 


This is then the condition that ^=0. If >2FH, h is negative, 
in this case implyiiig an excess pressure. If E^<.2FE, h is positive, 
implying here a low’-ering or decrease of pressure. 

Ill some ea^s F may be large compared with (H-\-F) and hence 
(H-f-E-f-F) large compared with In such case an approxi- 

mate value of the radical (see equation (56)) tvill be (H+E-j-F)— 




This will give 


2{H+E+F) 

With F large and E zero or small (opening from complete closure 
or near closure) the term following /f will be small and hence the 
drop In head h at the time of arrest of valve movement will be 
nearly the entire head If, leaving the net pressure head represented 
oiily'hy the small term (/I+Ey^/2(E+-E+F), or in other words, 
reducing the absolute pressure head nearly to that due to the 
atmosphere. 

This condition will be approximately realized for all values of F 
equal to or greater than eight to ten times (E+E) or for 


F’S(S to 10) (H+E) 

with a clo^r and closer approach to the limit A==H, as the ratio of E 
to {H-rE} exceeds these lower values. 

Ihe same as in the case of closure the general problem of opening 
Includes three time periods : 

1. ^ between 0 and 2 ! 

2. t between z and T 

3. < beyond y. 

First Time Period. t=0 to t=z. 

For this period, ^=0 and the value of E reduces to aVQ. Further, 
if the movement is from complete closure, Uo=0, and we have 


Ji:=^F-\~x/F^+2FE (76) 

This gives, then, the value of h where the valve movement is 
completed within the time z. 

It is of interest to compare this with the value of A for closure 
through the same range of valve movement and within the same 

time. 

Ijet m and v denote the final steady motion valu^ at the end of 
op^ng or at the beghming of closure. Then substituting for F its 
vali» {Gm)^j2M and noting that H/if =steady motion and that 
motion u®, it is readily shown that 2FH=(m)^=M^. 
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Then designating the two values of h by subscripts c and o for 


closure and opening we have : 

(77) 

(78) 

and from these we readily derive the relation 

(79) 


In the general problem of valve opening we may have, for the 
initial phenomena, two cases accor^ng aa T is greater or less 
than z, 

(a) T greater than z. 

In this case, from what precedes, it is clear that we shall normally 
expect a rapid drop at the start ; either reaching h~H practically, 
and holding such value up to t=z or approaching such value more or 
less closely as determined by the characteristics of the case and in 
particular by the relative values of F and 

(b) T less than z. 

In this case we shall have the same general trend of values as in 
(a) except that whatever value is realized at t^T will he held uniform 
until ^= 2 . 

Second Time Period. to t=T. 

For this period the general equation (76) must be employed. The 
course of the values of the net pressure head will show a return 
upward from the low value reached at t=z followed by a course 
which will be determined by the circumstances of the case and 
which will be illustrated at a later point. 

Third Time Period. t—T onward. 

For this period the fundamental relations expressed in equation 
(75) sriU hold, but with the special condition w=const. This 
will simplify somewhat the operations involved, but in general this 
equation must be used in order to determine the course of the 
pressure from t=T until substantially steady conditions are 
realized. It may be noted, of course, that in case T should be less 
than z the value of Ji wiU remain constant at its value for t=T until 
^= 2 , after which equation (75) with w=const. wiU begin to apply. 

The general course of h during this third period will show, 
normally, a series of fluctuations gradually bringing the net pres- 
sure head to the value for final steady flow conditions corresponding 
to the given amount of valve opening. 

Illustrative cases wiU be noted at a later point. 

Partial Reflection at Valve (Opening). — ^Tbe discussion of Sec. 40, 
with the equations developed, applies without change to the case 
of valve opening, except that in Case 2 the value of / wiU be(mi— w) 
where is the ultimate value of m, while in Case 4 we shaU have 
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WTiere rj=ultiraate steady motion velocity ^rith jh= 

JS=a(i-o+-2P) 

(am)-/ Py 




42. Discussion of Foriviul^c of Sections 38-41 with 
Numerical Cases* 

Ci«»TO. Time of Vaive Movement T Eiiiial to or Less tlian Time 2 
for Boiible Traverse of Aconstic Wave.— This ^ case is treated in 
Sec. 36. Its treatment is also, of course, contained vithin that of 

Sc‘e. 38. 

The niaxiiiium value of it is al\v<i 3 '’s found at the instant of com- 
plete closure and is measured by 

h^-=av^. 

If the closure is only partial the maximum value of li is always 
found at the end of valve movement and is measured hy 

It however, require a solution of the equation (52) in order 
to determine the value of h or r. 

The course of the pressure rise in various cases has been dis- 
cussed in See. 36 and in connection vith the diagrams of Tig. 48. 

caemm. Time of Valve Movement T Greater than Time z for 
Double Traverse of Acoustic Wave. — This case is the one most 
Ikely to arise in practice. A large number of numerical cases 
have l^en w’orked through and from w^hich the diagrams of Mgs. 
411-56 have been prepared. 

During the first period from i=0 to t=z, the course of the curve 
Is rising, the same as for the corresponding part of one of the curves 
of Mg. 48. 

* In Figs. 48-86 showing pressure and velocity change for various cases 
of valve closure or opening, the following characteristics have been assumed, 
for eonveiiienee, uniform in value : 

D = l(f). 

Chezy coefiicient (7—110, and hence 
CV==S025. 

Coefficient efflux /— *96, and hence 
1AV/==:.016177. 

Velocity *S‘ = 4000 (fs). 

Xote should also be made that in the formulae relating to closure (equa- 
tion { 52), etc. ) h pemitive implies excels of pressure, while in the formulae relating 
to opening (equation (75), etc.) k posative implies de/e c# of pressure or deprea- 
iiioE. Also in all dia^ams relating to closure, k positive is laid ofi upward 
while in tho^ relating to opening, h positive is laid off downward. 

tJn eertain diagrams, the heavy dot calis attention to the point where 
'«2 and the circle to the point of arrest of valve movement. 

Full lines refer to pressure head h. 

Dotted Imes refer to velocity v. 


Head h ifeel) 
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From this poiat on the course will depend on the time T in 
relation to z and on the hydraulic characteristics of the case. 

The more typical cases are as follows : 

[a) The curve may continue on reproducing very nearly the 

form of lig. but reaching a value of h somewhat 
lower at the point of complete closure. 

Fig. 496 represents a case of this type. 

(b) The curve may continue on rising gradually, but with a 

more decided break at the point where t=z and reaching 
a maximum value at complete closure considerably less 
than in the ease where T<z. 


Scale of m 



Fia. 50. — ^History or Pressure Head h (Closure). 

L H w-o z T 

20,000 850 *05 0 10 2z 

Dotted line shows continuation for Case T^z 


Figs. 49c, 50 represent cases of this type. 

(c) The curve may continue nearly horizontal, or with a nearly 

constant value of A, until the closure is complete. In some 
cases there may be a slight gradual rise, or again a gentle 
rise to a maximum followed by a slight doclino, or again 
an immediate sharp decline. 

Figs. 516, c, 52b represent cases of this type. 

(d) The curve may break into a series of slopes up and down, 

giving alternate maxima and minima, and implying a 
periodic fluctuation in the pressure with a total period 
of 2z, Again, the general trend of such a history may be 
gradually up or down or practically horizontal. 

Fig. 52c represents a case of this type. 

Where the head H is mostly used up in friction, as in the case of 
Figs. 48a, 49a, a moderate lengthening of the time T will give a 
result sinoilar to that of Kg. 496. That is, the same general character 
will be retained with a slmrp increase in h during the last moments 
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of closure, but reaching a final value less and less as T is longer 
and longer. The important point here is that the maximum value 
is not reached until complete closure and determination through 
any form of computation on the basis of the theory of Sec. 38 must 
necessarily proceed according to the methods outlined in that 
section, and no approximate formula based on an assumed form 
of time history entirely different in character can be expected to 
give results having any rational relation with those furnished by 
the more complete theory. 

Passing to the other extreme in a case where only a very small 
part of the head H is used in friction, as in Eig. 52, and where the 

1000 Scale of m . 
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Fig. 51. — ^History or Pressure Head h and Velocity v (Closure) 
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curve for| T^z is nearly linear, the result of increasing T will 
be to give a periodic or fluctuating form of curve as in c. For 
intermediate conditions the curve will assume intermediate forms, 
as in Figs. 50, 51. 

In most cases of a break-up of the curve into periodic fluctuations 
with the period 2^, the maximum value of A will not greatly exceed 
that for the instant when t^z. Hence in such cases a good approxi- 
mation to the maximum value will usually be given by solving 
equation (52) wdth the value of m when i==z. 

The same will be true for cases where the curve continues 
practically at a constant value of A, or with only a slight rise as 
in Fig. 516, c. 
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For cases such as those of Figs. 49, 60, however, the value of h 
continues to rise to the end, and the value for will not give a 
proper indication of the final or maximum value reached. 

A detailed analysis of equation (52) would serve to give certain 
indications regarding the course of the curve beyond the point 
where t=Zy and therefore as to whether the value of h for this point 
might be taken as a reasonable maximum. Such analysis, how- 
ever, is complex and hardly more useful than the direct trial of 
one or two points. Such a trial will usually serve to give some 
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Fig. 62. — ^History of Pressure Head Ti and Velocity v (Closure). 

L H iriQ mi z T 

Case a 20,000 3000 -02 -00 10 z 

„ b „ „ -02 *00 „ 2z 

„ c „ „ '02 -00 „ lOz 

The velocity curve for Case b diflters so slightly from that for Case a that 
no attempt is made to show the two lines separately. 

indication of the future course of the curve and hence of the probable 
location of the maximum value of A. 

It will also be found, if the curve has a flat top or nearly uniform 
value of h from t=z onward, that the AUievi formula (81) or the 
mass-acceleration formula (95) will give a good approximation to 
the value. 

The main question remains as to the form of the curve, and 
whether any such approximate formulae will apply with reasonable 
aiccuracy. The simplest way of answering this question wiU usually 
be through the actual examination of the curve itself by equation 
(52), and this will in itself give directly the values sought, if carried 
to the point of maximum value of h. 



WATER RAM OR SHOCK IN WATER CONDUITS 133 


The time required for a computation of this character will not 
usually exceed a period reasonably permissible in such a study. 
After becoming accustomed to the work it will be found that with 
the aid of slide rule and table of squares and square roots a single 
point can be comfortably determined in about ten minutes, and 
thus a curve for T=10z, or say twenty seconds for a line 4000 
feet long, in a couple of hours or less. If the solution is carried out 
graphically through the method of Fig. 46 the time wiU be reduced, 
though naturally with some loss of accuracy. 


400 



Fxjli. Closure. 

L H rtiQ z T 

800 430 -06 *00 *40 2z 



Fig. 54. — ^History of Pressure Head h after Arrest 
or Valve Movement at *62 (Closure). 

Rate of valve closure same as for complete closure in time z. 
L H mo z T 

800 42 -20 -08 -40 -Oz 


Course of History of h after Arrest of Valve Movement. — ^After 
arrest of the valve at full closure, the curve of h, as indicated in 
equation (50), will fluctuate between plus and minus values equal to 
the value reached at the instant of closure. Such a course is indi- 
cated in Fig. 53. As previously noted, secondary disturbances 
not included in the theory will ultimately reduce the amplitude 
to a negligible amount. 

In the case of arrest of valve movement at partial opening, the 
value of h wiU return to zero, either by a series of stepwise slopes or 
by alternate fluctuations, as indicated in Figs. 54, 55, 56. 

Valve Opening from Complete Closure. Time T Equal to or Less 
than Time 2; for Double Traverse of Acoustic Wave. — In this case 
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there will be a continuotis drop in pressure (increase in value of h), 
reaching a minimum at the close of the movement when t=T, 
Where the ultimate opening is nearly or quite the full size of 
the pipe and hence the friction head a large part of the total head 
H and with F large relative to H, the drop be abrupt and will 
reach down nearly to atmospheric pressure. Where the ultimate 
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Fig. 67. — ^Histobv or Pressxtbb Head h (Openesto), 
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Case a 4000 80 *00 1*00 2 00 z 
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Time 



Fig. 68. — ^History or Pressure Head h after Arrest 
or Yadve (Openhstg). 

L B itiq z T 

800 42 *00 -20 -40 2 


opening is small relative to the full size of pipe the drop will be more 
gradual and the minimum will be higher. That is, the ultimate 
values of h will approach more and more nearly to H as the drop 
is more abrupt, in accordance with the conditions noted above, 
and contrariwise in opposite cases. These characteristics are shown 
in Kg. 57. 

Following the minimum value reached when the pressure 
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head h will return toward zero, the course of the history depending 
on the circumstances of the case. Three typical courses may be 
noted. 

{a) The head h will return toward and ultimately to zero by 
way of a series of gentle stepwise lifts, as shown in the 
case of Fig. 58. In an actual case, due to the damping-out 
effects of friction and other secondary causes, such a case 
would dewelop as a practically smooth gentle up-slope 
'gradually approaching the axis of zero pressure. 

(b) The head h wSl return toward and ultimately to zero by way 

of a series of more definitely marked stepwise lifts, as 
shown in the cases of Figs. 576, 59, 60a. 

(c) The head h will show a series of alternations on either side 

[of the axis, as in the case of Figs. 606, 61, 62. This means 
an alternation of value, plus and minus, with diminishing 
amplitude and gradual approach to ultimate zero value. 



Fig. 59. — ^Histoby or Pebssube BCbab h abtee Abebst of 
Valve (Opening). 

L H mo mi z T 

20,000 425 00 1-00 10 a: 


In cases where the ultimate opening is nearly or quite the fuE 
size of pipe and the friction head forms the larger part of the total 
head H, while at the same time H itself is moderate or small, the 
form of the return will be similar to that of Fig. 68. In simdlar 
cases, but where H itself is large (implying L large), the form wffl 
be similar rather to those of Figs. 576, 69. 

In. cases where the ultimate opening is small compared with the 
size of pipe and where the friction head forms but a small part of 
the total head H, but where JS itself is large (implying L large), the 
return mil be by way of alternating plus and minus values (type c), 
as in Fig, 606. In similar cases, but where H is moderate or smaU, 
the return may be by way of type (a) or (6), as the values involved 
may determine. 

Intermediate cases will depend on the values involved. Generally 
let be the final value m for full or xilthnate opening. Then the 
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smaller the value of H Irrii the more definitely mil the return be by 
way of a curve of type (a), while the larger the value of H the 
more definitely will the return be by way of a curve of type (c), 
while type {h) will be found for interme^ate values. 



Fig. 60. — ^History or Pressubb Head h abter Arrest of 
Valve (Opening). 

L H mQ z T 

Case a 4000 200 -00 *10 2-0 z 
„ b „ 2700 -00 *02 „ 



Fig. 61. — ^History of Pressure Head h after Arrest of 
Valve (Opening). 

L H rriQ z T 

20,000 860 *00 0.5 10 2 

Actually there is no sharp line of demarcation between these 
various cases, and, geometrically, one type of curve shades into 
another by insensible gradations. 

A detailed and somewhat complex analysis of the equations 
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involved would make possible the laying down of more definite 
criteria regarding the type of curve to be expected in any particular 
case. This, however, does not seem justifiable in the present work. 

Maximum value of h. In the present case, as noted above, the 
maximum value of h is found at the end of the valve movement or 
when It may therefore be computed from equation (75) by 

substitution of the proper values. 



Fig. 62. — ^History op Pressure Head h aeter^ Arrest of 
Valve (Opening). 

L H z 1' 
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Fig. 63. — History op Pressure Head h after Arrest op 
Valve (Opening). 

L H ma z T 

4000 80 *00 1 00 2-0 2z 


Valve Opening from Complete Closure, Time T Greater than 
Time 2 for Double Traverse of Acoustic Wave,— In this case we may 
note the three periods as before : 

1. From i=0 to t=^z the pressure will drop continuously follow- 

ing, for that part of the opening up to t=z, the same law as 
in the case of T=z. At the instant t=z the maximum value 
of Jb or greatest drop in pressure will be reached. 

2, From t^z to t=T the curve will rise either in periodic hfts 

or following a series of alternations about a mean value 




WATER RAM OR SHOCK IN WATER CONDUITS 139 



L H mo mi z T 
4000 80 00 1 00 2 0 IO 2 : 
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4000 200 -00 -10 20 2z 



Fig. 66. — ^Histoby OB' PiiEssuBU Head h (OrENiNO). 
Influence of Inobeasing 2\ 
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holding a general trend nearly horizontal or slightly up- 
ward. Here again a small value of H/mi will normally 
determine a form similar to that of Fig. 58^ or in Fig. 63 
for the time period z to 2z, or again in Fig. 64. On the 
other hand a large value will, for the same time of opening, 



Fia. 67. — ^Histoky or Pressure Head h (Opening). 
iNPiiUBNCB OF Increasing T. 

L H z T 

Case a 20,000 850 -00 -05 10* 2 

,, b „ ,, *00 *05 „ 2z 

>> c „ „ 00 *05 „ Zz 

„ d „ „ -00 *05 „ 4z 



Fig. 68. — History of Pressure Head h (Opening). 
Influence of Increasing T , 
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determine forms showing marked periodic hf ts or alternations 
about a mean value, either nearly uniform or slightly rising 
(see Figs. 65--70). As shown by the diagrams these cases 
shade insensibly the one into another. 

3. For t beyond the value of h will return to 0 either by periodic 
lifts or by alternate plus and minus values similar to those 






142 


HYDRAULICS OR PIPE LINES 


r 

of Kgs. 57-62, for return after T^z. In general the return 
is without alternation of sign except for large values of 
the ratio H jm combined with values of T only moderately 
greater than z (see also Kgs. 63, 65). 

Maximum value o/ h. In this case the maximum value of h 


Scale of m/ m, 



Fig, 72, — ^Histoby of Pbbssitbe Head A, stabtinq fbom 
Pabtial Opening. 


Rate of Valve Opening the same in all cases. 
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Fig. 73. — Histoby of Pbesstjbb Head h , stabting from 
Haef Opening. 
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(drop in pressure) is found when t=z. It may therefore be com. 
puted from equation (76) by substitution of the proper values. 

Valve ^en^ from Initial Partial Opening. Time T F iflufl i to 
or Lessto ^6 2 for Double Traverse of Acoustic Wave.-Li cases 
where the ultimate valve opening is nearly or quite the full size 
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of pipe and the initial opening one-half the nltimate or greater' the 
initial velocity Vq will be but slightly less than the final velocity v^. 
In such case the increase in velocity from Vq to % will be small, and 
the whole program of values for h will be correspondingly reduced. 



Fig. 74~HisTOiiy or Pressube Head h , starting from 
Hale Opening. 
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Fig. 75. — ^History of Pressure Head h , starting from 
Half Opening. 
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Thus with the data of Tig. 48a and£with mQ=-5 the value of Vq= 


7-594, while Vi=7-731, leaving only a residual % 


*137 to be 


realized by the further opening of the valve. In this case the 
values of h are negligible, only reaching a maximum of 2-4 feet. 
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m Pipe Lutb (CLOsintB). 
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Fia. 77. — ^Histoby of Pbessube Head h fob Vabious Points in 
Pipe Line (Closure). 
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Case a at valve. 

„ b „ 1000 feet from „ 
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Origin 0 at ^ = 0 

„ 0„ -25 sec. 

99 0 ff t— *60 tt 

„ 0 „ t==‘75 ft 


Por better comparison the four cases are brought to a common origin of 
time. Actoally these origins are displaced relatively by quarter seconds, as 
noted above. 
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On the other hand, with the same data and with m=*10 and *05, 
the initial velocities are 5*216 and 3*13, and the values of h at full 
opening are 39*2 and 64*0 respectively (see Eig. 71). 

In cases where the ultimate valve opening is small compared 
with the size of pipe, the initial velocity will vary nearly with the 
initial opening, and in such cases the ultimate drop in pressure at 



Fig. 78. — History op Pressure Head h por Various Points 
IN Pipe Line (Closure). 
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Case a at valve. Origin 0 at ^ = 0 

,, b ,, 5000 feet from ,, „ 0„ ^ = 1-26 

,, c „ 10,000 „ „ „ „ 0 „ ^=2'50 

„ d „ 15,000 „ „ „ „ 0 „ ^=3-75 

For better comparison the four cases are brought to a common origin of 
time. Actually these origins are displaced relatively by time intervale, as 
noted above. 



Fig. 79. — ^History op Pressure Head h por Various Points 
IN Pipe Line (Opening). 
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full opening -within the time t=z, will vary approximately with 
the amount of valve movement or nearly with the velocity ('^ 1 — -^ 0 ) 
to be acq[uired (see Mg. 72). 

With cases intermediate between these extremes, the results 
will be of the same general character, but varying in less direct 
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Fig. 80. — History OB’ Pressure Head h for Various Points 
m Pipe Line (Opening)* 
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Fig. 81. — ^History op Pressure Head h with Assumed Partial 
Reflection at Valve (Cxosure). 
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Case a Percentage of reflection at valve *00 


The dotted line shows the course of the curve with full reflection for full 
closure in time z. 
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Fia. 82. — History or Pressure Head h with Assumed Partial 
Beplbotion at Valve (Closure). 
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Pig. 83. — ^History of Pressure Head h with Assumed Partial 
Reflection at Valve (Closure). 
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I 


ratio with valve movement as the final opening is large in com- 
parison with the area of pipe. In all cases, however, the maximum 
drop will vary roughly with the velocity acquired. 

Subsequent to the arrest of valve movement at full opening, 
the head h will return to zero either by periodic lifts or through 
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Fig. 84. — ^History or Pressure Head h with Assumed Partial 
Refleotioh at Valve (Closure). 
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Fig. 85. — History or Pressure Head h with Assumed Partial 
Reelection at Valve (Opening). 
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alternating plus and minus values, as the characteristics may 
determine, and in accordance with the same general relations as 
outhned for the case of opening from full closure. 

Maximum value of h. In this case the maximum value of h 
(drop in pressure) is found at the end of the valve movement or 
when t=^T. It may therefore be computed from equation (75) 
by substitution of the proper values. 

Valve Opening from Initial Partial Opening. Time T Greater 
than Time 2; for Double Traverse of Acoustic Wave. — The effect of 
extending the time in these cases is similar to that in opening from 
full closure, as discussed above. Such increase of time reduces 

Scale of m 



Fig. 86. — History of Pressure Head h with Assumed Partial 
Rbpleotion at Valve (Opening). 
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Case a Percentage of reflection at valve 
„ b „ {v-^—v)/v^ 

the ultimate or extreme drop in pressure and modifies the general 
character of the curve beyond the point where as indicated 
in Figs. 73, 74, 75. 

After the close of the valve movement, the value of h will return 
to zero in the same general manner as for other cases and as previ- 
ously noted. 

Maximum value of h. In this case the maximum value of h 
(drop in pressure) is sometimes found when t=z, or again when 
t—T, or in some cases between t^z and t=^T, It will therefore 
result from an apphcation of (75), as may be required. 

Pressure History at any Point in the Line. — Following the 
method outlined in Sec. 38, Figs. 76-80 show the history of h at 
various points in the line for selected cases with hydraulic character- 
istics as noted. 

Partial Reflection at Valve. — Due to the absence of any defi- 
nitely assured basis for estimating the proportion of reflection at 



150 


HYDEAULICS OF PIPE LINES 


the valve end of the line, no attempt has been made to work out 
any considerable number of numerical cases. In Figs. 81-86 are 
shown a few cases in illustration of the application of the method 
to a numerical problem. Figs. 81-84 show the form of the curves 
in the case of valve closure, and Figs. 85, 86 correspondingly for 
valve opening. In Figs. 83, 85, for the interest attaching to extreme 
conditions, curves have been worked out on the assumption of 
a constant value of /— 0 and/=*25, though doubtless in most cases 
the actual value is greater than the larger of these. The value 
/=0 implies reflection from the upper end of the line, but no reflec- 
tion from the valve end. These various curves will repay careful 
study in connection with those for /== 1*00 or full reflection at the 
valve, and which are given on the same diagrams for convenience 
of comparison. 


43 . Approximate Formul/e 

Due to the inherent complexity of the relations involved in the 
general problem of shock or water hammer, there have been many 
attempts to find approximate or working formulae which might be 
sufficiently accurate for most practical cases. There is perhaps no 
problem connected with practical hydraulics for the treatment of 
which a greater number of approximate or working formulae have 
been proposed. The difficulty of developing any such formula 
which shall be fairly general in its application is, however, shown 
by the extreme divergence among the results given by the applica- 
tion of these various formulae to the same problem. It is true that 
by introducing special limitations or conditions a formula may be 
developed which shall be relatively simple, and at the same time 
fairly accurate for the special conditions implied. All such formulae 
lack generality, and it is just here that danger enters in connection 
with their use. The author of a proposed method or formula may 
well understand its limitations and the conditions under which it 
may safely be used ; but once the formula has found a place in 
engineering literature, these limitations are apt to be forgotten 
and such formulae are often proposed or used for cases to which 
they are entirely inapplicable. Under such circumstances the 
results obtained are whoUy misleading, and their use implies a 
confidence which is quite without foundation in actual fact. 

Due to these considerations it has seemed desirable to note, in 
the present section, some of the better-known formulae which have 
been proposed and which are in current use in varying degrees. 

In this discussion there is implied no criticism of these formulae 
as such or of their authors, but rather an attempt to show the 
relation between such formulae and the more complete theory 
developed in the preceding sections, and thus to indicate the general 
conditions under which such formulae may be safely or appro- 
priately employed. 
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The Allievi Formula. — The general equations developed by 
Allievi* rest upon the same fundamental assumptions regarding 
the physical phenomena involved as the equations and methods 
of Secs. 36 and 38. Ahievi’s development is, however, based on 
certain restrictions or limitations as noted below. 

Applied to the same problem and with the same interpretations 
and conditions, the equations of Secs. 38, 41 give identically the 
same results as those of Allievi. A somewhat different method of 
development has, however, been here preferred by reason of the 
better picture which it enables us to form, of the physical state of 
the column of water within the pipe and along which an acoustic 
wave is travelling back and forth with reflection at the ends, all 
as developed in detail in preceding sections. 

The restrictive conditions which are assumed in the development 
of the Allievi equations are as follows : 

1. The omission of the influence due to friction. 

2. The omission of the head v^/2^ corresponding to the main 

pipe line velocity v. 

The latter is usually small compared with the other quantities 
involved, and its omission is a matter of no serious importance. 

The former is of serious or minor importance according to circum- 
stances. For closure the influence of the friction head is relatively 
large at the start and decreases as the pipe line velocity v decreases, 
vanishing with v=0 at complete closure. The omission of the in- 
fluence due to friction will affect the course of the history of Ti 
during the closure and the final value to some extent, but in many 
cases not seriously. 

In general the error due to the omission of friction will be more 
and more important as the friction head is a larger and larger 
fraction of the total head H. 

In the case of opening, the influence of friction is minimum at 
the start, when, as a rule, the greatest drop in pressure occurs, and 
increases, reaching a maximum with the final steady motion velocity. 
If the opening is from complete closure, the influence of friction 
on the maximum drop is relatively small ; if from part opening, 
the error due to its omission will be more significant, increasing in 
importance as the friction head is a larger and larger fraction of 
the total head H, 

These general equations of AUievi have, however, for the most 
part, been put aside in favour of an approximate formula pro- 
posed by him and used currently by many engineers without a 
proper understanding of its derivation or limitations. These are 
in brief as follows : 

We may write equation (42) showing the composition of Ti in 
terms of the successive values of s as follows : 

s— Si+«2— «3+etc-\ (80) 

\ — ^1+^2 — 53+etC.y 

* “ Annali della Society degli Ingegneri,*’ Rome, Vol. XVII, 1902. 
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Put 5 i+« 52— ^a+^tC. 

Then remembering the special notation of Sec. 38 we shall have 

etc. 

Hence (80) becomes 

A=a(F~Fi). 

It is also evident by inspection that 
5=F+Fi. 

Now it is evident that if F increases uniformly with the time so 
must also F^, and so must also their sum or s. Likewise it is evident 
that F—F^ then becomes a constant quantity, or constant. 

It was then assumed that a uniform rate of decrease of valve 
opening, that is a uniform rate of decrease in m, as used in the 
present system of notation, will during the period from to t=T 
result in a uniform rate of increase in F, and hence in a uniform 
rate of decrease in v and in a constant value of Ji. 

While it was recognized that these conditions wiU not be realized 
with mathematical precision, it was assumed nevertheless that, 
for practical purposes, the time histories of v and h during the 
time period from to t=^T, may, with uniform rate of valve 
closure, be taken as showing a substantiaEy uniform rate of decrease 
for V and a substantially constant value for Ji, 

Similarly for opening, it was assumed that with a uniform rate 
of valve area increase, the history of h after the first drop, will 
show a partial return followed by a nearly uniform value for the 
remainder of the time period up to t=T. 

A formula is then developed for the determination of this assumed 
uniform value of h during the time period from to t=^T, 

The formula itself is developed in terms of the ratio between 
the total pressure head, which we may here denote by y, and the 
original head H. In terms of the present notation we have then 

y^H ib^^omitting 
V 

Next let 0 ;=-^ 

Jd 

Then the following equation in x is deduced 
x^—x{2+n^)+l:=0 
and of this equation we have the two roots 


where 


n. 


z — l+ 2 (^iA/^^+^) 
Lvq 


(81) 


Of the two values in (81) the + sign applies to the case of closure 
and the — sign to that of opening. 

Regarding the two roots given by the + and — signs of the 
radical, it may be noted that their product is 1, so that if either 
is known the other may be immediately found, 
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The limitations in the proper use of this formula arise from the 
fundamental assumption that a uniform rate of valve movement 
will, for this period, determine a uniform rate of decrease in v or 
a uniform value of h. In some cases this will hold, at least approxi- 
mately. In others, as for example, in Fig. 49 the rate of decrease 
of V is widely divergent from uniformity, and correspondingly the 
history of % shows no approach to a flat top or nearly uniform 
value during the time period t=z to t=^T. Generally speaking, if 
the friction head is a large part of the total head, the history of h 
shows no approach to the form assumed for the AUievi formula, 
and the application of the formula to such a case will give a result 
widely divergent from that indicated by the more complete theory. 

In the case of valve opening, furthermore, the formula does not 
profess to give the value of the first extreme drop, but rather the 
mean of the subsequent history between t=z and t=T, Here 
again, however, where the final value of m is large, the history of 
y wiU show small similarity to that assumed in the formula, and 
in such case likewise the use of the formula will lead to a result 
having but remote relation to that indicated by the more complete 
theory. 

Warren’s Formula.* — Gom'plete Closure. If we assume that the 
conditions of closure are such that the excess pressure rises from 0 
according to a linear law during the time z^2LI8 and then remains 
constant, we have the same general conditions as assumed in the 
Allievi formula. Warren, however, does not assume necessarily a 
linear rate of valve area closure, and rests these general assumptions 
regarding pressure change rather on a certain amount of observa- 
tion of actual cases with valve areas controlled by governing 
devices in normal power plant practice, and in which cases the 
change in pressure closely fulfilled a program such as assumed. 

With this assumption the principle of impulse and momentum 
may be invoked to obtain a simple approximate value of the 
assumed constant excess head reached during the time period from 
t=z to t=T. 

Considering the mass of water in the pipe and neglecting the 
relatively small amount which flows out during closure we have as 
follows : 

The average force acting over 'the cross^^section of pipe during 
time from jf=0 to t=z is Awhl2. 

The uniform force acting during time from t=z to t:=T is Awh. 

The total change of momentum produced is LAwvJg. 

Then remembering that the sum of the products of force by time 
during which it is in operation wiU equal the change in momentum 
produced, we have : 

Awhz , . -f.rn \ 

— VAwliiT-z)^—-^ 


Trans, Am, Sqc. C.E., 1915/' p. 238. 
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Whence 

or h = — 7 


This is Warren’s formula. 

Obviously the limitations in the use of this formula are sub- 
stantially the same as for the AUievi formula. Both assume (how- 
ever realized) substantially the same form of time history for h and 
where the circumstances are such as to realize approximately such 
a form of time history, the formula should apply with close approxi- 
mation. 

In other cases the results will be in error more and more widely 
as the form of history for h departs more and more widely from that 
assumed. 

' If again, in this formula, we should assume T very long relative 
to z then the formula will reduce approximately to 

^=§r“ (83) 

which has been proposed as a formula for water hammer conditions. 

This is equivalent to assuming the value of h uniform throughout 
the entire period of closure, and on this assumption the formula may 
be directly deduced on the principle of impulse and momentum. 

It will be noted that this value is one-haK that given by the 
Joukovsky formula. Obviously both cannot be correct, at least for 
the same case. As noted under the next heading the Joukovsky 
formula applies to one assumed history of h and that of (83) to an 
entirely different assumed history, while that assumed by Warren 
and AUievi is a combination of the two. 

Any one of these histories might by chance be approximated to 
in actual experience,' but a study of the diagrams of % as developed 
by the use of the more complete theory indicates how small the 
probability of any one case conforming to any one of these assumed 
histories, and in consequence the remote chance that any one of the 
formulae based thereon could be safely employed in any given case. 

Joukovsky’s Formula.* — It is assumed (however realized) that 
the rate of decrease of velocity is uniform, or in other words that 
the rate of increase of s is uniform. In such a case, as we have seen 
in Sec. 38, the history of Ti will show a series of slopes up and down 
from a minimum of 0 to a maximum determined by the value 
reached at t=^z. We have then simply to find the value at this 
instant t=z as the maximum value reached during the movement. 
|| The rate of increase of s wiU be vJT per unit time. 

The rate of increase of h wiU be, then, av^jT per unit time. 

* “Memoirs Impepal Academy of Sciences, St. Petersburg, 1897,” 
Vol, IX. 
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This rate is uniform from <=0 to t=z when the maximum value 
is reached. Hence for such maximum value we shall have 


h-- 


zav„ 


2Lv^ 


.(84) 


T gT 

which is Joukovsky’s formula. 

Vensano* has extended this to a pipe line of varying diameter in 

the form „ 2{L^v^+L^v^+L^v^-^eic.) 

- ( 86 ) 


h= 


Where etc., denote the lengths of the various sections and 

Vj, ^ 2 , etc., denote each the initial velocity of flow in these various 
sections. 

The limitations on the use of this formula spring from the special 
assumption made regarding the form of the time history of v. 
In AUievi’s formula the assumption is made that the change of 
velocity is uniform during the period <=2 to i==T. In Warren’s 
formula the assumption relates to the form of the time history of A, 
but agrees in form for the time period z to T, with that assumed by 
Allievi. In the present case the assumption is made of uniform 
rate of decrease of v from the start of the movement. It is only this 
assumption which can justify the form of time history for h which 
furnishes the basis for the formula, and it is of special importance 
that such conditions should be fulfilled for the time period 0 to z. 

It may be shown, however, that at the most the condition 
assumed can only be approximately realized, and in no case will a 
uniform rate of valve closure determine a uniform rate of velocity 
decrease, especially in the early part of the movement and hence in 
the time period 0 to z. 

At the best, therefore, the special condition assumed as a basis 
for the development of this formula can be only imperfectly 
realized and in many cases the departure will be extreme. 

Generally speaking the greater H relative to L and the smaller 
the area of the valve opening compared with pipe cross section, the 
more nearly will the conditions here contemplated be realized. In 
inverse cases the departure from the conditions assumed may 
become so wide as to vitiate the formula for practical use. 

Formulse Based on Principle of Mass and Acceleration. — Several 
writers f have proposed formulae for change of pressure in pipe lines, 
based on the principle of mass and acceleration and considering the 
body of water within the pipe as forming a single mass subject to an 
accelerating head measured by A. 

In the development of such formulae we may conveniently start 
with the fundamental equations (33), (36) as follows : 

v=mu ( 86 ) 

Mu^=H+h (87) 

* “Trans. Am. Soc. C.E., 1918/’ p. 185. 

f See particularly A. H. Gibson, “ Water Hammer in Hydraulic Pipe 
Lines.” New York ; D. Van Nostrand. 
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.( 88 ) 


and to which instead of (34) we add the equation : 

(see Sec. 11 (n)) 

at Ju 

Assuming also uniform valve area closure, we have 

m={mQ—kt) ( 89 ) 

The combination of these equations should serve to give a com- 
plete solution of the problem, hut, unfortunately, the resulting 
equation does not seem to admit of integration and reduction in 
analytical terms. 

If, however, the influence due to friction is omitted, the equations 
become amenable to treatment. In such case M becomes a constant 
and equal to 1 12gfm.d for (87) we have 

u^^2gS[H+h) (90) 

If then we combine (86), (88), (89), (90), eliminating v and h, we 
shall have the equation : 

, du 


u^^2fJcLu-^2gfH=-2fL (mo- 

For 2gfE put its value 
Also put fkL=P 
and 

We may then reduce (91) to the form 

du dt 




■(91) 


.(92) 


(R+P-~u)(R-P+u) 2fL(mo-kt) 

Reducing the left-hand member into partial fractions and 
integrating, we find 


log 


R+P'-u 


^ R, m 
= plog 


-kt 




Evaluating the above equation between and Uq and reducing, 
we have 


R+P-u R+P- 


or 


mo—ki 

m. 


.(94) 


R^P+u R-P+Uo^ 

From (93) or (94) it follows that when ^==0, u=Uq. Again at the 
close of the full movement when t^mojk we shall have 

U^2i+P:=:^^/P"^T^^+P (95) 

From the form of (94) it is seen that u steadily increases during 
the movement of the valve, from its value Uo=2gfH at t=Q to its 
maximum (R+P) just at the instant of complete closure. 

The value of h foUows directly from (90) : 






-H 


(96) 
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and hence h will increase continuously with u and will reach its 
maximum value with u at the instant of complete closure, or in 
the case of partial closure at the final instant of valve movement. 

In the case of complete closure k=mQlT and with u={R+P) we 
readily reduce (96) by substitution of values, to the form 

h=^(B+P) (97) 

For the case of opening, the analytical treatment is in effect 
contained within that for closure as above. It is only necessary to 
introduce a change of sign in dvjdt and in h, and to suitably interpret 
the terms of the preceding equations. 

We shall have then for opening, 


“■* (5+7+s;)+?'°Ks^) ■ ■■‘*'** 

R 
p 


R—P—u_R—P—Uq 
R"-\-P-\-'ii R~\-P-\-'Uiq 


(ii^sy 


and — 




2gf 


( 100 ) 


If the valve starts from a nearly closed position then Wq is nearly 
0, and toward the close of the valve movement mQl{mQ+Jct) will 
become nearly 0. Hence in equation (99) the last term approaches 
0 as a limit as t increases, while correspondingly u will approach the 
limit (R—P), as shown by the other members of the equation. This 
value is readily seen to be less than Uq, From the form of (99) it 
thus follows that u steadily decreases during the movement of the 
valve and with small approaches the value (R—P) as a limit 
when t is large. Hence, as shown by (100), there will be a con- 
tinuous increase in the value of Ji (drop in head), and the maximum 
value will be reached at the close of the time T when the movement 
under consideration is completed. 

From (100) we derive in the same manner as for (96) the maximum 
value of h, corresponding to w=(J?-“P) in the form 

(B-P) (101) 

For two cases, one of closure and one of opening, with the same 
values of P and P, and denoting opening and closure by sub- 
scripts 1 and 2, we have for the limit values of u and h : 

u^u^^R^-P^-=u,^-=2gfH (102) 

We also readily derive the relation : 




(ifci)2 (103) 


It must be remembered, however, that these limit values of h 
imply closure either complete or nearly so, and opening from full 
closure or nearly so. 
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The rapidity of approach of u and h to these limit values will 
depend on the circumstances of the case/ Generally u and h will 
approach more quickly and more nearly to their limit values with 

Head H ox Uq . large 

T , . . long 

Valve area . small relative to pipe cross section. 

In the case of valve opening, as shown by (98), with small values 
of mo, the value of h rapidly and closely approaches its limit value, 
and as becomes smaller and smaller the rapidity of approach 
becomes rapidly greater. When mo—0, that is when the valve 
starts from the shut position, the approach to the limit value is 
instantaneous, at least so far as indicated by these equations. In 
such case, therefore, the value of h would hold substantially uniform 
during the period of valve movement at the limit value, and the 
velocity in the pipe line would bo given substantially by the 
equation : v=^mu=:kt{R--P) (104) 

It should be noted that this value applies oidy in the case of the 
valve starting from the closed position. 

As the value of m^ is relatively larger ; that is, as the valve 
starts from a |>osition more and more open, the growth of A (drop in 
pressure head) is relatively less abrupt and the actual value reahaicd 
at time T is a smaller fraction of the limit value, as in (101). 

A comparison of (97), (101) with the Allievi formula, aquation 
(81) leads to the surprising result that when expressed in terms of 
the same quantities the two formula are identical. Equations (97), 
(101) express the maximum or Umit values of A based on principles 
of mass and acceleration alone and without reference to the forma- 
tion or propagation of acoustic waves. AUievi’s equation starts 
with the same fundamental theory as developed in Secs. 38, 41, but 
as the result of the procem of development with the introduction of 
special or limiting assumptions, the same ultimate exprossion as in 
equations (97), (101) is reached. 

Obviously the same limitatioiis regarding the use of (97), (101) 
apply, as in the case of the Allievi formula, and m noted in connec- 
tion with that formula. 


CHAPTER IV 


STRESSES m PIPE LINES 
44. Introduction 

In approaching this subject we must first inquire as to the sources 
of load capable of producing stress. 

These are as follows : 

1. Internal pressure. 

(a) Balanced. 

(13) Unbalanced, 

2. Weight of pipe lino or element under consideration. 

3. Weight of water contained in pipe lino or element under 

consideration. 

Balanced internal pressure implies uniform pressure in opposite 
directions over equal projected areas, as in the case of a completely 
closed chamber or on opposite sides of a pipe. It is well known 
that such a load, in an element with circular cross section, pro- 
duces tension alone. Where the cross section is non-circular, bending 
moments involving tension, compression and shear will bo com- 
bined with the tension arising directly. 

Unbalanced internal pressure implies a condition of unbalanced 
force so far as the element under consideration is concerned, such 
unbalanced force tending to displace or separate the element from 
the remainder of the system or from its environment or attach- 
ments. The stress developed by such unbalanced pressure may 
be tension, bending or cross breaking, shear, or compression and 
in all combinations accordiiig to the details of the case. 

In discussing stresses developing in these various ways in pipe 
lines we find it convenient to consider different combinations of 
conditions as follows : 

Two conditions regarding distribution of pressure. 

(a) Static or no flow. 

(b) Steady flow. 

We may propwly assume that in all cases the transverse dimen- 
sions (diameter usually) will be so small compared with the head 
involved as to permit of assuming the pressure uniform over any 
given cross section of the pipe or pipe line element. Regarding 
vertical extension, however, we may have the two cases : 

(c) Element or system under consideration substantially in one 

horizontal plane. 
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{d) Element or system under consideration extending over 
considerable differences of horizontal level. 

It results in case (ac) that the pressure may be taken as uniform 
over any section involved and in general throughout the system. 

In case (be) the differences in pressure at different sections will 
be due to changes of area and hence of velocity, and not to changes 
of level. Also we may take the pressure as uniform over any given 
section. 

In case {ad), de]|&nding on differences in level, there will be 
differences in static pressure throughout the system. 

In case (bd), likewise, there will bo differences in |)ressure due 
to changes in level as well as changes in velocity. 


46. Ring Tension in a Cylindrical Pipe or Element 
WITH Circular Cross Section 


We assume static conditions (a) above. The presstire under 
conditions of flow will bo loss than under conditions of rest. In 
this case, furthermore, the question of vertical extension enters 
only as a factor in the intensity of the presBure. 

Let D—diameter (i). 

1 ^= thickness (i). 

—internal pressure (pi2). 

actual working stress in longitudinal joint (pi2). 

6= efficiency of longitudinal joint. 

Then the familiar formula of mechanics give us tin*, following : 


T-'P- 

2et 

2teT 

2e'JL\ 


( 1 ) 


It should be noted that whenever a pipe or pii>e lino is under 
pressure, the ring tension stress is always operative. 


46. Longitudinal Stress 

We assume conditions {a) as above, and for the reasons cited in 
connection with ring tension. The full longitudinal stress in a 
pipe is only developed when there is a cap or closure across the 
section or in the case of bends, angles or turns ; and in all cases the 
pipe must bo sufficiently free from external constraint to permit 
longitudinal movement under the end pressure developed. A 
typical case of longitudinal tension is furnished by a ppe closed 
at the end with the end free to move. 
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Under these conditions the formulae of mechanics give us 


T 


(pi2) 


pD 

4e^ 

(pi2) 


( 2 ) 


% 

The notation in these equations is the same as for ring tension, 
except that T and e must be taken as relating to the circumferential 
joint. 

These latter equations show the well-known fact that, other 
things equal, the longitudinal stress on a circumferential section 
is just one-half the circumferential stress on a longitudinal section, 
or that the ring tension is just twice the longitudinal stress. 


47. Stresses Due to Angles, Bends and Fittings 

In approaching this subject it is first necessary to consider the 
character and measure of the load which may bo thrown on a 
pipe line as a result of the internal pressure on such elements of 
the line. The load will bo represented by certain unbalanced forces 
acting between the angles, bonds or fittings and the remainder of 
the line, and as a result of which, stress will be developed either 
in the line itseh or in some form of anchor or tie which is intended 
to carry such load and thus relieve the line. It will bo necessary 
here to consider the four combinations of conditions, (ac), (ad), 
(be), (bd), as noted at the opening of the cha]^cr. 

Case (ac). Static Conditions with Influence Due to Differences of 
Level Insignificant. — -It is well known from mechanics that a com- 
plete enclosure under uniform internal fluid pressure is in complete 
equilibrium under the forces developed by such pressure. That is, 
no condition of internal fluid pressure can develop any force tending 
to move the enclosure as a whole. Parts or elements of pipe fines, 
however, are not completely closed. Such a part or element of 
a pipe line system presents therefore an incomplete enclosure under 
internal fluid pressure, and as a corollary from the equilibrium of 
a complete enclosure it follows that an incomplete enclosure will 
not necessarily be in equilibrium. It follows, further, that the 
forces required to maintain the i)art or element in equilibrium will 
be represented exactly, both in magnitude and direotion, by the 
fluid pressures over the areas which would be required to com- 
pletely cloise such part or element. This conclusion applies to any 
part or element of a pipe fine such as an individual pipe or part 
thereof, an angle, Y branch or valve body. Hence we deduce tlie 
following broad proposition. 

Assume any part of any pipe line system under uniform pressure. 

H.F.L.-— M 
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Then the resultant forces, due to internal fluid pressure, will be 
represented in magnitude and reversed direction by the fluid pres- 
sure over the areas which would be req[uired to make of such ele- 
ment or part a complete enclosure. Conversely the forces or 
system of forces required to maintain such an element or unit in 
equilibrium will bo represented in magnitude and direction by the 
fluid pressures over the areas required to produce complete closure 
and without reversal. 

This may be illustrated as in Fig. 87. Let AG denote a straight 
uniform length of pipe. Then the areas required to close the 
system would be represented by AB and CD. Hence the force 
required to maintain equilibrium would be represented by the 
fluid pressures on the sections AB and CD. But these are equal 
and opposite. Hence the force is zero and the section of pipe is in 
equilibrium, a well-known fact which common sense readily tells us. 



Fig. 87. — Ebsxtltan® Foece on Pmu Line Elements— Static 

OON0ITION8, 


Again, take the part^botween C7|and E. Hera the closingiaroas 
wiU be sections CD and EF. The pressures are equal and oppo- 
site in direction, but do not act along the same line. Hence to 
maintain equilibrium there will be required a couple with QIJ as 
arm. The resultant force on the section itself is, of course, meaaured 
by a couple equal in amount and opposite in direction. The re- 
sultant force on the section is therefore a couple measured by 
X OE, and tending to turn the element in a cloc?kwiso 
direction. 

If instead of a pipe of uniform section we^have a difference 
betwecm the two areas as at AB and CD (Fig. SB), we shall have 
two forces opposite in direction, but unequal in value, and the 
resultant will be a force and a couple. 

Again, take the element of lino tetweon EF and IJ (Fig. 87). 
Denote for convenience the total pressure over a cross section of 
the pipe by P. Then the balancing system wifl be represented by 
■two forc« P and P applied at the centres of the sections EF and 
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IJ, These may, of course, be readily combined into a single re- 
sultant measured by 2P sin 0/2. This reversed will then be a 
measure of the resultant acting on the element and along the line 
KL, 

Again, with an element containing a Y branch such as IJMO, 
we shah have three sections /J, MN, OQ and three forces, and 

P 



Static Conditions. 

a combined resultant according to the methods of elementary 
mechanics. 

Again, suppose we should consider a part of a straight length 
contained between two oblique imaginary planes such as EF, 
OH (Pig. 88), Then the closing areas will be two ellipses of area 
(ttD^ coboc 0)/4, and the forces required for equilibrium will be 



Fia. B9.—DISTEIBUTION OF Ebsui/uant Load 
ALONG FiFK LiNM BBND. 


measured by the pressure p acting over this area. This win give 
the forces IJ^ KL, or by transfer and composition, a single resultant 
MN. The force exerted on such an element will then be equal 
and opposite, or MP. 

Distribution of Unbalance Pressure along a Pipe Bend.— The 

analysis developed above serves to determine the unbalanced load on 
the bend as a whole. It becomes of interest, however, to determine 
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likewise the law of distribution of this unbalanced load along 
the line of the bend. Thus referring to Fig. 89, let AB denote the 
bend with short straight lengths at each end. Let GDEF be a 
small element of the bend and 8 0 the corresponding angle. Then 
from the principles above developed we shall have for the resultant 
unbalanced pressure on this element a force hF measured by 

8 Q 

SQ=2pA sin 


where 25==pre8sure in pipe and .4=cross sectional area. Now if 
8dis small, sin 80/2 approaches 8 0/2, and hence for a small element 
weshaUhave 8Q=pA8e. 


Now let 8^=length of arc of mid curvature for the element and 
p the radius of curvature. Then 8 0 = 8a/p. Hence we have 

se-s^ ....(3) 

P 

At the limit when 80 and Ss become differentials this relation 
becomes exact, and we have 

dQ=i^ ( 4 ) 

P 

Expressed in words this teUs us that the bend under these con- 
ditions is subject to a distributed load applied in the direction of 
the radius of curvature and proportional at any point directly to 
the product pA and inversely to the radius of curvature p. In the 
case of a circular bend p will be uniform, the radius of the bend. If 
non-circular, the intensity of the load will vary inversely as the 
values of p. Furthermore, it appears that for any small element of 
length along the mid-curvature line Af, the resultant load is 
measured by the product fA multiplied by the length of the ele- 
ment, and ivided by the radius of curvature p. 

Thus in the case of a bend 24 inches mean radius in a pipe 10 
inches intemal diameter, and under a pressure of l()0(pi2) the un- 
balanced pressure load per inch of length on the mean radius will be 


m 


100 x 78-54x1 
24 


327 (p). 


A pipe bend under these conditions is therefore to be treated 
simply as a curved beam subject to a distributed load determined 
in accordance with (3) or (4), and with end reactions determined 
as previously developed for the bond as a'wholo. The case becomes 
reduced, therefore, to the mechanics of the beam and need not be 
considered in further detail here. It may be pointed out, however, 
that in the case of a bend of uniform radius attached rigidly to the 
tangent pieces at the ends of the bend, the unit load, measured as 
above, will result in longitudinal tension only, measured by the 
total load pA , That is, while the condition of the bend is exactly that 
due to a distributed load apphed along the radius and measured 
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as in (3) or (4), nevertkeless the result of this is, when the ends are 
anchored, to produce simply a tensile stress in the bend. It is in 
fact readily seen that the case is entirely similar to that of a chamber 
of circular cross section under fluid pressure, and in which, as is well 
known, the shell is subject to tension 
only. In the case of the bend the 
load pAlp takes the place of the 
pressure in a cylindrical shell, and 
with the result of a pure tensional 
stress measured by the load pA divided 
by the cross section of the metal. 

If the ends of the bend are not 
rigidly attached to the rest of the line, 
or in any event if they are not con- 
strained by forces having longitudinal 
components and which can therefore 
balance the end pulls pA, the case 
becomes entirely changed and cross- 
breaking stresses may develop. Further reference will be made to 
this case in Secs. 49, '50. 

Case (ad). Static Conditions with Influence Due to Differences o! 
Level Significant. — Let AC (Fig. 90) denote a part of a pipe line in 
which we cannot assume the pressure as uniform throughout. 
Assume ideal planes AB and CD forming a complete enclosure 
of the part under consideration. Now from -hydrostatics we know 
as follows : 

1. In a completely closed chamber under hydrostatic pressure 

there is no resultant force in a horizontal direction. 

2. The only resultant force is in a vertical direction, and it is 

measured by the weight of the liquid. 

3. The centre of application of such a resultant gravity force is 

at the centre of gravity of the liquid or at the centre of 
volume of the enclosure. 

It follows that if the chamber of enclosure is not completely 
closed, the total unbalanced system of forces will consist of two 
parts : 

1. The gravity component vertical in direction, equal to the 

weight and passing through the centre of volume of the 
chamber. 

2. Pressure components represented by the pressure over the 

various openings, reversed in direction. 

Thus in Fig. 90 the resultant wiU consist of the vertical gravity 
component 0 acting downward, the pressure component over 
the area AB acting to the right and the pressure component Pg over 
the area CD acting upward. The unit pressures over AB and CD 
will in this case be Afferent, and P^ and Pg must be computed 
accordingly. We are therefore led to the following general propo- 
sition, which indeed will include both cases (ac) and (ad). 



Fig. 90. — ^Resultant Force 
ON Pipe Line Elements — 
Static Conditions. 
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Given any part of a system of pipes, connections, fittings, etc., 
under hydrostatic pressure. Then for such part of the system we 
may represent the unbalanced force system as follows : 

(1) Draw a vertical line downward through the centre of volume 

under consideration, and of length proportional to the 
weight of the water or fluid contained. 

(2) Assume imaginary planes closing aU openings, thus giving, 

constructively, a completely closed volume. 

(3) Through the centre of pressure of each such area draw a line 

at right angles to the plane of the opening directed from 
without inward, and of length proportional to the total 
pressure on such area. In ordinary cases the centre of 



Fig. 91.— Resuxtant Foeo® on Fife Lmm Elements— 
Genebal Case with Flow. 


pressure may, without sensible error, be taken at the centre 
of gravity of the area. 

The system of unbalanced forces will then be represented bv the 
forces denoted by the linos (1), (3) above, which may bo combined 
into a single resultant or a single resultant and a couple or treated 
as may Ite desired by the methods of elementary mechanics. 

Case (be). Steady Blow Conditions with Influence Due to Difler- 
enras of Level insignifleant. — In order to dotormino the reaction 
between moving water in a pipe and the containing pipe, we 
may conveniently resort to a fundamental principle of hydraulics 
winch may be stated as follows (soe Appendix HI). ^ 

hydraulic system containing water in motion, and where 
the dimensions are such that wo may neglect the weight of the 
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water as such, the force reaction of the water on the system will be 
given by the vector sum of the following systems of forces : 

(1) The total pressures over the ideal sections hounding the 

system or element, reckoned from without inward and 
combined as vectors. 

(2) The sum of the momenta per second at inflow and outflow, 

the former taken direct and the latter reversed and all 
combined as vectors. 

In the case of water at rest system (2) disappears and we have 
left simply system (1) which reduces the case to one of static equi- 
librium as discussed under case (ac), and by the aid of precisely the 
same principle. 

This proposition holds for cases including friction, so that if we 
know the conditions of flow, the force reaction between the water 
and^anyipart or the whole of the system may readily be determined. 



Fig. 92. — ResxjIiTant Force on Pipe Line Elements — 

Flow eeom Open Reservoir. 

As an illustration of the proposition in this general form let 
ABDG (Fig. 91a) denote an element in a pipe line system through 
which water is flowing in the direction from AB to CD, Let p, v, A 
and M with subscripts 1 and 2 denote respectively the pressure, 
velocity, area and momentum at the sections AB and OD, 

From the centre of the section AB we then draw lines and EO 
respectively in the line of flow and perpendicular to the plane of the 
section. Lay ofi on these lines distances EF and EG, representing 
respectively M^=wA^v-^^lg and fitid the resultant 

EQ. A similar construction at CD gives the resultant ES. The 
two resultants intersect at 0. Then lay off OQ^=EQ and 08i=H8 
and find the final resultant OE as representing in magnitude and 
direction the total reaction of the water on the element in question. 

Usually the bounding sections AB and CD may be taken per- 
pendicular to the lines of flow, simplifying the construction as in 
Fig. 916. it. 

Certain special applications will be of further interest. 
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Thus in Pig. 92 let the pipe AG be discharging through the area 
GD=A with velocity v. In this case in order to complete the stream 
line system we must imagine stream lines continued from A and B 
up to the surface of the water as indicated by dotted lines. Then 
assuming discharge at CD into the atmosphere and measuring 
pressure above the atmosphere, we shall have p=0 over both faces 
NN and CD, 

Again the momentum at NN will be sensibly zero while that at CD 
will be M^wAv^jg. The resultant of systems (1) and (2) will there- 
fore be a force wAv^jg directed from right to left, or in the direction 
GA, and measuring the reaction of the water on the system. 

These relations are indicated by the vector diagram where 



Fig. 93. — Resultant Foeob on Pipe Line Elements — 
Plow ebom Open Resebvoib. 


0i2=reaotion of water on system and 0§=opposite and equal 
reaction of system on water. . 

Furthermore, if secondary losses are neglected we shall have 
v^lg=2H and F=^2wAH =twice the static pressure over the area 
of discharge. 

This is an expression of the well-known relation that neglecting 
losses due to friction and turbulence, the dynamic pressure due to a 
jet or stream is twice that of the static head necessary to produce 
the velocity of discharge. 

If we have an elbow in the discharge line, as at C (Fig. 93) then 
using the same method as before we find the total force reaction 
measured by OIt=F=^wAv^lg and as indicated in the vector 
diagram {a). 

For ah cases where the system considered extends from a reser- 
voir where the water is at rest, to one or more points of free discharge, 
it is clear that system (1) of the forces enumerated above wiU dis- 
appear and that the force reaction on such system will be measured 
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by force system (2), the resultant of the forces representing the 
reversed momentum per second at the point or points of discharge. 
Thus let Fig. 94 represent a plan view of a system including reservoir 
and three discharge outlets. Draw lines from outlets 1 and 2 in the 
line of discharge and extending back to a point of intersection 0, 
Then lay off forces OA and OB to represent the reversed momentum 
per second represented by the discharge from these orifices. Find 
the resultant OP and draw the line through the discharge orifice 3 back 
to an intersection Oi. Then from 0i lay off OiPi==OP and OjC= 
reversed momentum per second for orifice 3. Then the resultant 
OiR will represent the final resultant force reaction on the system. 
These methods may be applied to any combination of elements 
involving a reservoir and one or more discharge orifices. 



Fig. 94. — REsuiiTANT Force on Pipe Line Elements — 

Case with Multi-Discharge, 

Let us consider next the elbow C (Fig. 93). If we assume free 
discharge into the atmosphere the pressure over the section FO will 
be sensibly zero. Hence system (1) of the forces will disappear and 
we shall have the vector diagram at 6, where 0^4= vector value of 
M at FG, OB=reversed vector value at DE, and OP=force 
reaction on elbow. Note again that OM will here be twice the value 
of the displacing force found for the same elbow under static 
conditions. 

Next let the elbow O be fitted with a nozzle DE (Fig. 96). This 
win reduce the velocity of flow through the pipe and elbow and 
decrease the friction loss with corresponding increase in pressure. 

The total force reaction will be found in the same manner as for 
Fig. 93, but its value will not be the same. The relation between 
the force reaction and the size of the orifice will be considered at a 
later point. 

Taking first the elbow G between FO and IJ we shall have over 
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the two areas FG and IJ a pressure P=pAy sensibly the same in 
numerical value and related as at OA, OB in the vector diagram at a. 
We also have M at inflow direct represented by AG and M at out- 
flow reversed represented by BD, These combine together and give 
a final resultant OB for the force reaction on the elbow. 

To find the value of 0(7=P4-M we have, in the general case, 
including friction, the relation 


Then P^pA^wa(h-^J^ 


But M=^wA—> 

g 

Hence OG=::P+M=wA^+v^ 




.( 6 ) 



Fig. 95. — BtEsxjiiTant Force on Pipe Line Elements — 
Discharge prom Open Reservoir through Elbow 
AND Nozzle. 


This equation shows that the value of P+M will increase or 
decrease or remain independent of v according as the parenthesis 
(l/2gr— L/(7V) is , or 0. 

Again, it should be noted that the total resultant OR may be 
viewed as the resultant of the two components (P+if), one hori- 
zontal and the other vertical, acting jointly on the elbow G. 

Next if we include the elbow and nozzle as one element, we shall 
have the same horizontal components P and M denoted by OA and 
AC (Mg. 956). 

For the pressure at DE we shall have zero and for the reversed 
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momentum a value represented at OB, greater than M l)y 
reason of the smaller area and higher velocity. We shall then havc^ 
the final resultant OR representing the total reaction on the coml)ina- 
tion of elbow and nozzle. 

Again, if we lay up OD (Pig. of a wo Bhall have the 

difference DB as the measure of the reaction between the nozzle and 
the elbow. 

To determine the measure of these forces we proceed as follows : 

Let a=area of nozzle. 
alA=m. 

/—efficiency of nozzle. 

-a = velocity through nozzle, 
t?= velocity along pipe. 

We have jgs^zwAmu^ jg. 

We may find u m in Sec. 17 and thus express 1/, in terms of the 
conditions of flow. This will give 

t aAII ( 2m/) 

1 1 w 

If 

We may next express (F+M} as in (6) but stjl»Htituting for v its 
value mu, determined as in 17. TMs wiU give 


P+M=wAH\l 


Denoting the denominator in 
express these values as follows : 

Z'+Jf 

Hence <Z'+iH)- (», 

The values of m and / are idways less than 1 , and it is remiily 
shown in such ease that the parenthesis in (8) is idways jKwitivfi. 
Hence F+M is always greater than and the diifereiiee gives tite 
reaction of the noaale, which is always downward as w<» should 
expect. 

An interesting question arises as to the conditicui which will make 
M■^ a maximum in any given case. H. will be clear that wit h a very 
large or m. nearly I, the velocity through a will is* limited t*y th'i- 
friction loss in the line. With a small value of a t he vclocit y along 
the line will l»o loss, the friction lowt less aiui th«* dis<duirgc vcl*i( it y 
greater. It may thus result that the maximum value of the 
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reaction on a Mne fitted with a discharge nozde, will not he found at 
the point of fuU opening. 

Taking ifi as in (6) and considering m a variable we readily find 
by the usual method ifor maximum and minimum the value 




2gfL- 


.(9) 


This gives the value of a in terms of A for the maximum value of 
M^. It is also readily shown when this condition is realized that 

( 10 ) 



and 


^^=friotioh head=^ 


( 12 ) 


It is clear that, as defined, m is always less than 1. Hence in 
order to make such a maximum value of the reaction possible, we 
must have, from equation (9) L>Ch/2gf. Otherwise as m is 
increased from 0 we should simply have a continuously increasing 
value of the reaction up to the point of m=l or full opening. 

Again, since the impulse of a stream on a fixed bucket, as in the 
case of an impulse water-wheel when the latter is at rest, is directly 
proportional to the reaction on the nozzle and pipe line, it follows 
that the above values determine the conditions for maximum 
starting torque on an impulse water-wheel. It is of interest to 
compare these relations with those of Sec. 20 giving the conditions 
for maximum power. 

Case (bd). Steady Blow Conditions with Influence Due to Differ- 
ences ol Level Significant. — ^This is the same as the last case, but 
with the addition of the effect due to gravity on the water over 
considerable variations in level. 

Reference is made to this case in Appendix II. We proceed as in 
the case (be) but add a fourth system of forces representing the 
weight due to gravity acting vertically downward with the other 
systems as in the preceding case. 


48. Load Due to Weight of Pipe or Element, 
AND also of Contained Water 

The weight of the pipe or element and also that of the contained 
water must, of course, always be supported. As to whether they 
will join in forming a stress-producing load in such degree as to 
require recognition will depend on the circumstances and geo- 
metrical arrangement of the pipe system and its supports. Generally 
speaking, the effect of gravity in producing pressure within the pipe 
line or pipe line element be accounted for by the principles 
and methods already developed. When, however, the horizontal 
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dimensions of the element or system under consideration are of any 
considerable extent, the weight of the element as a structure and the 
weight of the contained water must bo included with other forces 
due to unbalanced pressure in order to find the final load. Those 
loads duo to weight are readily found and combined with the load 
due to unbalanced pressures by the principles of elementary 
mechanics. 


49- Stresses in Expansion Joints 

The princii>loe previoudy developed find an important application 
in the case of expansion joints. Thus if the joint is made up, as in 
Kg. 96, with the internal diameter for the flow of the water equal 




throughout to that of the pipe except for the part Iwtween AB and 
CD, then it is clear that there will Imj a force tending to separate the 
two members of the joint and measured by tho unit prcwaun* p 
multiplied into the area of the annular ring of metal at CD. In tho 
ca^e of large pipes this might rise to a force of very considerable 
magnitude. Ktus if diameters® 48 inches, thickness of metal- 
1 inch and p=«100(pi2), we find tho total loati m abovo-E- 16,{j<)0 
pounds. 

If the metal of part F is relieved between A and X m indicated 
by tho dotted lines, such relief will make no difference in tho 
resultant load tending to separate the parts of the joint.. It is 
readily seen that the prossures on the two additional shouldors thus 
formed vrill be equal and opp<»ite and will balance each other on 
the piece F. 
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On the other hand, if the outside diameter of the sliding member 
H is made equal to the internal diameter of the pipe, as in B'ig. 97, 
it is clear that there wiU be no axial force on the part F due 
to the liquid pressures at the joint, while the axial pressures on the 
part H wiU just balance and there will therefore be no resultant 
force tending to separate the two parts of the joint. 

If, again, the internal diameter of the pipe D is made greater 
than the outside diameter of the slide Jf, the liquid pressures will 
give a resultant tending to push H into F, producing a tension which 
must be carried by the pipe lying to the right. 

These oases all develop as simple applicaticms of the principles 
already discussed, and no matter what may be the form or design 
of an expansion joint, the use of these principles wiU serve to give 
the resultant of the liquid pressures at the joint. 


60 . Combinations of Bends or Elbows with 
Expansion Joints 

Cases of some interest may develop as the result of the combina- 
tion of expansion joints and bends or elbows. In considering such 
cases it must be borne in mind that the expansion joint virtually 
cuts the pipe at the joint and that no longitudinal stresB or 8Upi>ort 
or constraint can be transmitted from one member of the joint to 
the other — ^at least so long as no additional guard lK)its or other 
members are fitted. Actually, expansion joints are very commonly 
supplied with bolts coimecting the two membera and allowing a 
certain limited degree of freedom, but preventing the complete 
separation of the two parts. In this manner, and between fixed 
limits, changes due to temperature may be accommodated whfie the 
two members of the joint cannot become entirely disconneeted. 

Holding in mind the inability of the expansion joint by itself to 
transmit longitudinal force, together with the hydraulic principles 
discussed in the preceding sections, the various cases wiU admit of 
simple treatment. 

Thus in the case of a bend, as at AB (Big. 98a) , fitted with ©xpansicn 
joints at A and jB, the resultant force on the bend will be readily 
found by a simple application of the principles of Sec. 47, case (m) 
or (be), as may be required. This force wiU then be represented by 
some resultant KL and which must be carried by reacstioiis at the 
ends A and B, These end forces or reactions cannot be longitudinalr 
They mU instead develop as side pressures betwwn the two parts of 
the expansion joint. Taking these reactions at right angles to the 
pipe at these points, we have then the bend acting as a l»am under 
a hydraulic unbalanced pressure load distributed over the curved 
portion, and supported by two forces acting at right angl« to the 
pipe at the expansion joints. The total amount of the unbalanced 
pressure load is readily found as developed in Sec. 47, mid this wUi 
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serve, as in the usual manner with beam problems, to <ietc^rrninc^ the 
end reactions at A and B. The distribution of the load is deter* 
mined m in Sec. 47 and is represented by a forces acting along t he 
radius equivalent to a pressure pAjr per unit length of arc, where p 
is the pressure in the pip<^, A the eross-HCHstioual area and r tlie 
radius of the bend. 

In this manner the distribution of the load and thi% <md reactions 
become known. The entire problem becomes, therc^fore, reduc^ed to 
the mechanics of the beam, and need not be here trcaricKl in further 

detail. 

It may bo stated, however, without pre«<mt proof that 
maximum bending moment at the middle point of a tdrcuUr bend 
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as developed by the application of the mmlmnim of the la^am to 
this problem is shown to be 

M=prA 

Y COH 0 J 

where r=mean radiuB of bend and fl^half angle of Iwtnd. 

For a 90° bend or elbow, as in Fig. 98o, this IwoomeH : 

M=-4142prJl. 

Thus with a 90° bend of 24 inches mean riulius in ji lo in<-h jiijs* 
under a pressure of 100{pi2) and with the (mds carried in sliji joints, 
wo shall have for the maximum Issuding moment at the middle «if 
the bend the value : 

M^<U2 y, 100 x 24 x 78-64 78, (KK). 

With metal about J-inch thick this would wisuit in a stress of 
about 1800(pi2) in tl»o outer fibre, a stress, thomfore, by no ineaiw 
serious in itself. 

In order that an elbow, as in Pig. 98a, may hav<» supfsirt as 
assumed, the pipe must bo tied or supported near the slip joints ; 
otherwise the j^rts of the joint would separate coniplet«-ly. 

If an elbow is fitted with a single slip joint, ns in Fig. 98/^, th,. 
condition as regards bemding moment on the (dlsiw is in«I(4enninate. 
This results from the fact that the end itsactiou at A is indeternnnate, 
depending on the stretch and flexibility of the pijxj at //. 'Ihe total 
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force on the elbow wiU, however, be represented by a resnltant) 
foixnd as in Sec. 47, and the component of this parallel to DA 
give a force which will tend to separate the parts of the joint» 
which must be carried by some tie or support near B or else by 
bolts at A preventing movement beyond a certain limit. 


61 . Case of a Long Pipe with Open Ends Carried 
IN Slip Joints 

An interesting case is presented by a slightly bent pipe, suoh 
AB (Mg. 99), with the ends carried in slip joints and not maintaa:*^^^ 
rigidly in line. We may thus assume the possibility of the pij>^ ® 
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assuming the form of an elastic curve as indicated in the figure. 
balancing forces in this case wiH be represented by two forces jP, 
acting over the end sections and directed from within outwa/irci- 
Hence the resultant force on the pipe itself will be represented Toy 
two equal forces PP acting over the end sections and direci>od[ 
opposite, or from without inward. This places the pipe exactly ixi 
the condition of a curved column carrying on the end a load P. 

We may also consider the pipe as in the condition of a bea/xn 



loaded transversely with a distributed load, the resultant of whiolx 
will be the same as for the two forces PP applied at the ends 
above noted. 

The law of distribution of this load has been determined in 
Sec. 47 and is given in equation (4). We have, therefore, for -blxo 
transverse load Q per unit length along the pipe or beam the valtxo 

(13) 

or, as noted, the transverse load varies along the line of the bend oi: 
curve, inversely as the radius of curvature of the bend. 

Turning again to the pipe as a whole, the resultant of the two 


STEESSES IN PIPE LINES 


177 


forces P acting on the ends and along the line of the axis at the ends 
will be given by a construction, as in Fig. 100, and measured by 

P==2P smie. 

This resultant wiU tend to bend the pipe still further, and the 
actual result wiU depend on the relation between the magnitude of 
the resultant P, the law of the distribution of the actual forces along 
the length of the pipe, and the resistance of the latter to bending. 
The pipe may therefore be considered as in the condition of a 
column subjected to an end thrust P and liable to yield by budding ; 
or otherwise, to a beam subjected to a transverse load varying 
inversely as the radius of curvature of the pipe. 

In order to develop the question of the relation of the strength of 
the pipe to the magnitude of this transverse load, we may employ 
the well-known relations in the theory of elastic beams between load, 
shear, bending moment, slope and deflection. 

These are embodied in the following equations : 

Let Q=load per unit length. 

/S=shear. 

il^=bending moment. 

m=tangent of slope from straight line. 

2 /=deflection from straight line. 

/=moment of inertia of section. 

P= coefficient of elasticity. 
ir=distance along pipe. 

I/=length of pipe. 
p=unit pressure in pipe. 

I>=diameter of pipe. 

^=thickness of wall. 


Then 

M=^Sdx 

m=~^Mdx 

y=^mdx 

Or conversely, 
dy 


(U) 
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Now when the radius of curvature p of a beam is large and the 
curvature small, as we may properly here assume, we have, by a 
well-known property of plane curves, ^ 2 ^ 

— 

For a curve such as Pig. 101a, where y 
is taken positive, downward, d^yjdx^ and 

^ ^ hence p will be negative. The negative 

sign here is to be considered simply as 
c having a directive significance. Hence 
in expressing Q in terms of P and p 

~ from (13) we must give p a negative sign 

^ in order that Q and P may both be con- 
sidered positive. Having this algebraic 
e relation in mind, we have, therefore, 


Fia. 101. 

Resultant Fobcb on Long 
Elastic Pipe. 


«=-r-^3- 

Also we have in general (see (15)) : 


(2-P7- 


It win be noted that of these two equations (16) is restricted to 
the special case which we are here considering, while (17) is general. 
Combining we have 

P 

El dx^ 

Whence integrating twice, we have 


dx^'^ Ef 

The solution of this equation is the well-known sine curve, which 
we may take in the form 


^=asm- 


Then differentiating twice, we have 
d^y , 

^ Ml 


a^y aTT^ . nx 
— tF SHI -f 
dx^ L 


' dx^ *• 

Comparing (18) and (20), we have 

El'^L^ 

. Ell 
or P=pA=-^ 
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Let and denote the external and internal diameters of the 
pipe and t the thickness of metal. Then wo shall have 


4 It MI 




/=zWzA") 

64 


( 21 ) 


Where t is very small compared with the diameter wo may take a 
mean value Ixstween Dj and Dj and reduce the value of / to /=» 
■nDHjS. Substituting in (21) and reducing we find the approximate 
value : 


4-mEDt 
'P L2 


( 22 ) 


Turning now to (19) as the equation to the form assumed by the 
pipe, and taking successive derivatives, we have from (15) the 
following : 


TT TTX 

m^a Y cos - 7 - 
Jb Jb 

L 

COS Y- 

L 

Q==-EIat. sin ^ 

L 


These are iUustrated in Mg. 101 a, b, c, d, e, and show that the 
successive values of load, shear, bending moment, tangent of slope 
and deflection are given by alternate sine and cosine curves with 

coefficients as indicated. 

If now we assume the relation of (21) to obtain we may put for 
El its value in terms of P and thus find for M, /V, and the following : 

ilf === — Pa sin Pf/ 


O 7> ^ TtX 

0 = >^Pay cos "Y 
Jb L 

Q=Paj-^Bm-j.=P-y. 


It will be seen that the mid-length value of y is a. It is also seen 
that p m (22) is independent of a. That is, the value of P or p in 
order that the assumed conditions may subsist is independent of 

the mid-length deflection a. 

This means that no matter what the deflection, so long as it is not 
enough to involve any marked curvature of the pipe, that is, so 
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long as we may consider the value of p to be given by d^y/dx^, so 
long will the pipe remain in neutral equihbrium in the form of a 
sine curve imder the constant value of P or p as given above. 

That is if the pipe is given any mid-length deflection a, so lon^ as 
a is relatively small, the pipe may be expected to assume a sine 
curve with a for the maximum deflection and to remain in equi- 
librium under the forces operating. If then a is increased or 
decreased, so long as it still remains relatively small, the pipe will 
remain wherever it is placed and in equilibrium under the forces 
operating. 

This value of p may therefore be taken as a critical value, defining 
the condition for neutral equilibrium under the general conditions 
assumed. If p is less than the critical value, then the pipe, if 
slightly displaced from a straight line, will return by the operation 
of its elastic forces. If p is greater than the critical value, then the 
deflection will increase beyond limit and flexure will result, at least 
unless other conditions step in to prevent. This limit value of the 
pressure is relatively high. Thus let i)=3 inches, i=120 inches, 
^=•1 inch. Then from (22) we find p=2879(pi2). 

The indications of the formulae of the present section, and in 
particular of (21), giving the value of the critical load, have been 
verified experimentally by Kdler* with both copper and drawn 
steel pipes respectively 1-17 inches and 1 inch outside diameter by 
1-00 inch and *90 inch inside diameter, and 10 feet long. 


62 . Influence of Anchors, Piers, Ties, Abutments, 

ETC., ON THE DEVELOPMENT OF STRESS IN PiPE 

Lines 

In the preceding sections we have examined the various sources 
of load which may enter into the production of stress in pipe lines 
and pipe line elements. It is clear, of course, that these loads must 
all be carried in one way or another, but it does not follow that they 
win all enter fully into the production of stress on the pipe line 
itself This will depend very largely upon the manner in which the 
pipe line is supported or constrained, and hence upon the extent to 
which such loa& may be carried in whole or in part by the piers or 
anchors or other means of support or constraint. 

Loads arising from balanced internal pressure must, in general, 
be carried by the pipe, or pipe line element subjected to such 
pressure. Loads arising from unbalanced internal pressure are 
very commonly carried, in some part at least, by various external 
means of support or constraint. If such unbalanced force is 
localized at a known point, such as the reaction from a stream 
issuing from an opening, the support or constraint can be applied in 

* “ Calculations in Hydraulic Engineering.” Longmans, Green and Co., 
London and Hew York. 
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the line of the restdtant of such force, thus relieving the pipe line 
itself of any cross -breaking load. If the forces producing load of this 
character are distributed over a considerable extent of the hne, as 
for example the weight of a horizontal line of pipe with its con- 
tained water, then support will naturally be supplied at appropriate 
intervals, thus placing the line in the condition of a continuous 
girder with stresses developed accordingly. 

It is clear that parts of the system separated by points of com- 
plete constraint wiQ represent independent systems so far as these 
various forces and the resulting stresses are concerned. Hence in 
determining the stress due to loads resulting from unbalanced 
forces, the following general program may be followed : 

1. Note the separation of the system as a whole into parts by 
points of complete constraint. 

2. Taking any one part thus set off, deter min e in magnitude, 
direction and line of application, the various 
unbalanced forces due to internal pressure. 

3. Determine also the forces due to 
gravity on the pipe and its contents, in 
case such are of importance for the problem 
in hand. 

4. In case there is but one point of con- 
straint capable of resisting the forces in any 
one plane, then the problem with reference 
to such forces is entirely definite. The 
loads are known and they must all be 
carried at the one point of constraint. The 
problem from this point on is therefore one 
of the mechanics of materials and need not 
here be further considered. 

5. In case there are two or more points 

of constraint which might share in resisting 
the forces in any one plane, then the 
problem is eo tirely indefinite as to the part 
of the load carried by the pipe and that Fig. 102. — Reaction on 
carried by the points of constraint, and Support. 

hence indefinite as to the stress developed 

at any point in the pipe due to the loads. In order to reach any 
definite result some assumption must be made regarding the manner 
in which the constraint is shared among these various points. With 
such an assumption made, the problem becomes one of simple 
mechanics as before. 

A few simple illustrations wfil serve to show the application of 
these general principles. 

In Eig. 102 suppose CD vertical and EF horizontal with AB as a 
point "of support and constraint. Then the weight will be carried 
at AB as a (hrect load. Again the reaction due to the escaping jet 
at F will be represented by a force acting along the Hne FEG. This 
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will place the pipe in the condition of a cantilever beam with load at 
the end as determined by the magnitude of the reaction due to the 
jet. This reduces the problem to one of simple mechanics. 

Again, in Fig. 102 suppose that CDEF is horizontal. Then there 
will be a vertical load perpendicular to the plane of the paper due to 
gravity acting on the pipe and its contents and a horizontal load 
acting along the line FG, This will give a resultant load in an 
oblique direction with the pipe acting as a cantilever beam. 

Again, if we assume GD horizontal but the nozzle turned vertically 
down, the reaction of the latter will oppose gravity and we shall 
have the net resultant in a vertical line with the pipe acting stiU as 



a cantilever. If in the last case the nozzle is turned up instead of 
down, the two loads wiU be additive instead of subtractive in their 
relation, with the pipe acting as a cantilever. 

In these various cases, of course, the line of action of the resultant 
of the gravity forces will pass through the centre of gravity of the 
pipe and its contents, and that of the reactive forces along the line 
of flow at the nozzle backward from the outlet. 

Precisely the same methods apply in the case indicated in Kg. 103. 

In Fig. 104 the same arrangement is indicated as in Kg. 102 with 
the addition of an abutment of some sort at G, This will place the 
pipe in the condition of a beam fixed at G, supported at G and 
loaded at D. The force at G is readily determined by taking 
moments about G while the bearing reaction at G will be the sum of 
the forces at D and G, Precisely the same relations wiU obtain in 
case of a tie at G instead of a strut or abutment. 

In case the point G is located at D, the point G will be relieved of 
load except as some stretch of the tie or yield of the abutment may 
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permit a cross-breaking load on the pipe. The condition, therefore, is 
indefinite except as some assumption is made regarding the extent 
of stretch or yield, or regarding the degree in which the load is thus 
divided between the external constraint and the pipe. 

In a case such as that of Pig. 105, with two points of support, 
one on either side of the elbow, the condition is definite if the 
supporting forces are in the nature of flexible ties. In such case the 



Fig. 104. 

Bbaction on Support. 



Reaction op Elbow on 
Flexible Tibs. 



Reaction of Elbow on 
Direct Support. 



Fig. 107. 

Reaction of Elbow on 
Constraining Piers. 


force D alone can oppose the load OA and the force G alone can 
oppose OB. This condition will therefore definitely determine 
known total tension loads at C and D, 

If, however, the elbow is supported against an abutment F 
(Fig. 106), the case becomes indefinite. If Pcanbe assumed to carry 
the entire load, there will be no load transmitted to the pipe to be 
carried at any other point. Otherwise, as F may yield in some 
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degree, load will be thrown on the pipe which must be carried at 
some other point. 

Again, if the supports at G and D (Fig. 107), are of the nature of 
anchor blocks giving complete constraint, then the problem becomes 
indefinite. Either point is capable of carrying the load due to the 
elbow, and hence the actual amount carried at each point will be 
indefinite except as some special assumption is made. 

Such cases of partial support or constraint are often furnished in 
the case of buried pipes by the weight of earth cover or by the 
resistance to lateral or longitudinal movement furnished by earth 
filling. 

In all such cases of uncertain distribution of support or con- 
straint, judgment alone can be relied on to determine some reason- 
able basis of division with a safe margin to allow for the measure of 
uncertainty involved. * 

In the case of cast-iron pipe with bell and spigot joint, especial 
attention must be given to the proper support or constraint of 
elbows in order to prevent the danger of separation at the joint. This 
is of particular importance in high-pressure fire lines at hydrant 
settings and elsewhere where the forces developed might seriously 
endanger the integrity of the line. To safeguard such points 
suitable strap and rod ties are commonly fitted, preventing move- 
ment of such a character as to render possible the opening up of the 
joint. 


63. Stresses in Connections and Fittings 

In the preceding paragraphs we have considered the subject of 
pipe line elements, connections and fittings with special reference to 
the imbalanced forces which may develop, and with emphasis on the 
loads which such forces may throw on the pipe line itself. We have 
now to consider briefly the stresses which may develop in the 
connections and fittings themselves. 

From the hydraulic standpoint there is no sharp line of demarca- 
tion between the pipe and a fitting or connection, such as an elbow, 
angle, Y branch. Tee, valve or nozzle. They are aU parts of a 
continuous water conduit and hence subject to the same funda- 
mental hydraulic laws and principles. We therefore proceed to the 
determination of the stress on any section of such an element by 
considering the part lying between such section and the nearest 
point of constraint, and deternoining the load on such part by the 
principles discussed in the preceding paragraph. If the part thus 
cut ofl by the section under consideration is without constraint, the 
problem is simplified by the elimination of any considerations of the 
share of the load which the constraint may carry. From the load 
thus determined, the stress in the section is then to be determined by 
the usual methods of the mechanics of materials. 

In many cases the parts may be considered as without constraint 
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in one or both directions at right angles to the sections under con- 
sideration. In such cases the tension over any such section due to 
the direct loading resulting from the internal pressure will result 
as follows : 

Let j4=projected area of surface subjected to pressure on the 
side of the section not subject to constraint, 
a = area of section (metal). 
p=unit pressure in chamber. 

Other notation as above. 

Then from the principles already adduced we have 

pA==Ta. 

or 2’=^^ (23) 

a 

Thus if a constant value of T is to be maintained we must main- 
tain a constant relation between A and a for the various sections 
which we may cut across the chamber. This will usually be neither 
practicable nor desirable on account of the existence of other 
stresses, as we shall see below. In any event it will result that the 
maximum value of T will be found where there is the maximum 
value oi A ja] or otherwise, on the section where the area of metal 
is least in proportion to the projected area subject to load. 

In any such case, therefore, it is only necessary to seek out by 
trial the section where the area of metal is least in proportion to 
the projected area subject to load and to find T as above. This 
will give the maximum direct stress in tension due to internal 
pressure. 

In aU such chambers of irregular form, such as Y branches, valve 
bodies and elbows, there will be certain sections which are non- 
circular in form. In Y branches in particular, certain parts approach 
a fl.at or only slightly curved form. In all such cases the stress 
along any filament lying between two such parallel sections will not 
be whoUy tension. A bending stress with its accompanying shear 
wiU be set up, and the unit stresses from these must be combined 
with the stress in tension due to direct loading. Usually the forms 
of such chambers are not such as to permit of direct investigation 
and indirect and approximate methods must be used. We have 
two reference forms to which the actual forms may usually be 
approximated. These are the eUipse as a form of section and the 
flat plate. 

When parallel sections for some little distance are nearly uniform 
in size and form and approximate to an ellipse, we may apply the 
formulae for the strength of a pipe of elliptical section.* 

These are as follows : 

Let a and 6 denote the two semi-axes of the eUipse (see Fig. 108), 

* “ B6sal Traits d© Vol. V, p. 134. 
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Assume a dimension of unity or 1 inch in a direction perpendicular 
to the plane of the section. 

Let c =excentricity= V"! — (&/ap. 

C=a constant depending on the ratio of 6 to a and given 
approximately by 

0=-333+-167-' 

a 

== bending moment at end of long axis . 

Jf^=bending moment at end of short axis. 

p = unit internal pressure . 

Then we have 

(24) 

..(25) 

In the above equations the inch and the pound are the units. 

The bending moment at A will develop tension on the inside 
and compression on the outside, while that at B will develop ten- 
sion on the outside and compression on the inside. At A, therefore, 

B 


n 



a J 

1 



Fig. 108. — Stress on Elliptical 
Section. 

the tension due to the direct load (p over the diameter AG) must 
be added to the tension on the inner fibres due to in order to 
give the total maximum tension at A, which will be on the inner 
fibres. Similarly at B the tension due to the direct load {f over the 
diameter BD) must be added to the tension on the outer fibres 
due to Ms, in order to give the total maximum tension at B, which 
will be on the outer fibres. 

By the use of these equations an approximate value may be 
developed for the maximum stress in any such eUiptioal section. 
Where the form approaches that of a flat plate over a certain 
area, the necessary support is usually developed by the use of a 
system of intersecting ribs, thus forming a series of cells, usually 
triangular or four-sided, the flat base of which is intended in each 
case to be self-supporting as a flat plate. In this mode of design, 
therefore, the ribs are intended to act as girders in carrying the 
load, while the elementary flat or nearly flat areas thus formed 
are expected to be self-supporting between the ribs, and to con- 
tribute to the support of the load as a whole. 
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Two questions thus arise : 

1- The thickness of the flat plate between the ribs. 

2. The dimensions and spacing of the ribs. 

In many cases, however, the thickness is fixed by other con- 
siderations or by relation to other parts, and question (1) only 
remains. 

The design of these features is necessarily by empirical formulse, 
as follows : 

Thickness of Flat Plates supported by Bibs. 

Let .4= area of cell or element supported by ribs at boundary, 
(i2). It is here assumed that no two dimensions of 
A differ widely. 
p=pressure (pi2). 

^== thickness (i). 

0=constant, about 100 for cast iron and 160 for cast steel. 
Then 




(26) 


Supporting Bibs. — Regarding the design of the supporting ribs, 
two questions arise : 

1. The spacing of the ribs. 

2. The dimensions of the ribs. 

Only the most general indications can be given regarding these 
matters, and reference should be made, if possible, to successful 
designs of similar character and operating under generally similar 
conations. 

The spacing of the ribs is usually made from 8 to 16 or 18 inches, 
varying with the size. The thickness should be not far from the 
thickness of the body or shell and the height may vary from 4 to 6 
or 8 times the thickness at the highest part, often tapering or fading 
off to nothing at the ends, according to the features of the design. 
As a general guide, the results to be applied with judgment, use may 
be made of the formula : 


pALJcI 
24 ^yo 


(27) 


Where p=pressure (pi2). 

A = area of a strip considered as supported by one rib 
through from one end to the other. Normally A 
will equal the product of the distance between the 
ribs by the extreme length (i2). 

L=length of rib from end to end (i). 
fc==stress developed in outer fibre (pi2). 

/=moment of inertia of section of rib (i4). 

2 / 0 = distance from neutral axis to outer fibre (i). 

In taMng values of h, I and the thickness of the metal con- 
stituting the body or shell may be added to the height of the rib 
proper. Thus for illustration, suppose an area 15 inches wide and 
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60 inches long considered as supported by a rib 2 inches thick and 
10 inches total height at centre. What will bo the safe pressure, 
allowing a working stress of 16,000 pounds in the steel ? We find 
pAL/24=2250p and M/y^=533333. Whence p=237 (pi2). 

As noted above, however, the results of no formula alone should 
be accepted without judgment and comparison with similar cases 
if possible. 

64. Stresses of Joint Fastenings, Flanges, 
Bolts, etc. 

Stresses in joint fastenings may be either tension or shear. 
Wherever a longitudinal pull develops in a pipe line, the joint 
fastenings must, of course, carry such puU as a load in tension or 
shear, depending on their disposition relative to the joint — shear 
in a riveted joint and tension in a flange joint with bolt fastenings. 
Similarly where a bending stress develops, the fastenings will be 
thrown into either shear or tension. In aU such cases the principles 
of the present chapter will serve to determine the load at the joint, 
at least so far as it is determinate, and the problem is thereby reduced 
to one of the mechanics of materials and may bo treated accordin^y. 


66. Stress due to Bending Moment in Spans 

A long pipe line supported at frequent points, insofar as its 
relation to deformation through gravity forces is concenied, operates 
as a continuous girder. 

The mechanics of a continuous girder or beam shows that the 
maadmum bending moment occurs at the pier (considered as a 
point of support), and is 

WL 

.-.( 28 ) 

where W = weight between supports and i/=length. We have, then, 

from the familiar beam formula : 

kl WL 


y . 12 

Whore i;=8tro8B in outer fibre of beam. 

/— -moment of inertia of section. 

!/<,;=== distance from neutral axis to outer fibre. 
For a cylindrical shell about a diameter, we have 
'nPH 
^ B 
D 

Aiso irpunds). 


.(29) 
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Where all diineBsionB arc^ in incheH, t4?-^W6ight of one (ml)ii? inch 
of water and a—weiglit of one cubic inch of «teeL 
Hence we find 


kTcDH WTtiy^L^ <ntDtU^ 


or 


“=T2 + 


'AD 


and 

But t^='()361 and a==-2835. 


Subetituting these values we have 


/<Kmn . -0945 


■v 


+ “ 


D 


(pi2) (80) 


In the preceding formulae the values of / and of w arc cxpnwHod 
on the assumption that the thickness of the pipe is small compared 
with the diameter. This assumption is usually iK^rmissildc? In })ip(j 
line problems. It may be noted, however, that the value of D used 
should correspond to the mid-thickness of the shell. If higher 
accuracy is desired or if t is not small compared with D then we 
must use the following : 



where and denote the outside and inside diameters ros|K)c- 
tively. 


66. CoMBrNED Stresses 

In various eases combinations of stresses may exist, such, for 
example, as tension or compression combined with shc^ar, tmision 
or compression combined with iKuiding, tension or coinpression 
combined with torsion, bending combined with toralori. 

In order to find the maximum intensity of stress in such oases 
recourse must be had to the principles and methods of mechanics 
as develoj^d in textbooks on that subject. The principles of the 
present section will serve to develop the conditions of the pi|>e or 
pipe line element m to the magnitude and location of the loads. 
Beyond this point the problem becomes one of mechanics. 


CHAPTER V 


MATERIALS, CONSTRUCTION, DESIGN 

The main purpose of the present work is the discussion of the various 
hydraulic problems which may arise in connection with the trans- 
port of liquids through pipe lines. No attempt is made therefore 
to present, with any degree of fullness, discussion of constructive 
features. In fact, a presentation of the constructive features of 
pipe lines and their mountings and attachments, including valves, 
elbows, Y’s, expansion joints, etc., and treated with reasonable 
fullness from the standpoint of description and general discussion, 
would require a volume in itself. 

The purpose of the present chapter is therefore to present briefly, 
and from the standpoint of description and general discussion, 
mention of the more important structural elements of pipe line 
construction, and with some reference to the more important 
problems which may arise in connection with them, but without 
attempt to approach a comprehensive treatment of this phase of 
the subject. 


67. Materials 

The materials commonly employed for the construction of pipe 
lines are steel, cast iron, wood stave and reinforced concrete. 

Steel is employed in two forms, plate or sheet steel and cast steel. 

Plate or sheet steel is employed for two classes of pipe as follows : 

(a) Conunercial pipe as commonly employed for piping steam, 
air, gas, water, etc., and in sizes from ^ inch to 12 or 15 
inches inside diameter and up to 30 inches outside diameter. 

(h) Pipe made up of steel plates with longitudinal joint either 
riveted or welded, with diameter from 16 or 18 inches to 
7 or 8 feet, and with thickness of plate to suit the special 
requirements of the case. 

Oast steel is employed for bends, elbows, Y branches, flanges, 
saddles and other like* connections or accessory mountings, and 
also occasionally for short connecting lengths of pipe. 

Oast iron is employed in the form of lengths (usually 12 feet), 
with the well-known bell and spigot form of joint, and in com- 
mercial sizes and thicknesses of metal up to 84 inches diameter, and 
in special sizes and thicknesses of metal to suit the requirements of 
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the case. Cast iron is "also employed for bends, elbows, Y branches, 
flanges, saddles, and other like connections or accessory mountings, 
but where the pressure requirements are relatively light. Where 
the pressure requirements are moderate to high and in the best 
grade of work for aU pressures except the very lowest, such items 
should be made of cast steel. 

Wood stave pipe with steel rod or wire band reinforce is employed 
for moderate pressures, and where the special characteristics of 
such pipe may meet the requirements of the situation. 

Reinforced concrete has been only sparingly employed for pipe 
line construction. With sufficient steel reinforce it may readily 
be made adequate in strength for moderate pressure requirements. 
Due, however, to the fact that the tensile strength of concrete is 
low and that full assurance cannot be had of the simultaneous 
development of stress in both concrete and steel each in proportion 
to its safe strength, it is necessary in practice to supply steel cir- 
cumferential reinforce sufficient to carry the full internal load by 
itself and without assuming aid from the concrete. 

In the case of moderate to high pressures, therefore, where the 
pressure is the determining element with regard to thickness of 
wall, there would be no advantage in using concrete except for its 
value as a protective coating for the steel. In the case of hght 
pressures, however, where the amount of steel required for strength 
is far less than that required for stiflness, resistance to external 
collapse, and for durability under corrosion, the combination of 
adequate reinforce steel for strength under internal pressure with 
concrete for stiffness and for protection, may present advantages 
sufficient to justify its use. 

Broadly speaking, however, steel or cast-iron pipe with like 
fittings and connections furnish the typical or representative 
practice in pipe line construction. Furthermore, while the general 
principles of pipe line flow are independent of size, many of the 
special problems considered in the present work imply the larger 
sizes of pipe hne, such as would be typical of power plant practice 
or of the transport of large volumes of Hquid over long distances. 

We may now consider in some further detail the principal types 
and forms of pipe and pipe line construction. 


58 . Commercial Pipe 

This is placed on the market in three grades as regards strength, 
known respectively as standard, extra strong and double extra strong. 
Commercial sizes of standard pipe as shown on recent manufacturers’ 
lists show nominal sizes ranging from inch to 15 inches rated 
by inside diameter and sizes ranging from 14 to 30 inches rated 
by outside diameter. The latter is commonly designated as O.D. 
pipe. For the pipe rated on inside diameter the actual diameter 
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differs somewliat from the rated diameter, usually in excess, especi- 
ally in the smaller sizes. The actual outer diameter of O.D. pipe 
agrees with the nominal rating. 

Standard engineering handbooks may be consulted for details 
regarding the characteristics and dimensions of such pipe. 

In the case of extra strong and double extra strong, the added 
thickness is placed on the inside, thus reducing the inside diameter, 
but leaving the outside diameter the same, and thus suited to the 
same fittings and screw connections as standard pipe' In so far 
as standard fittings and connections may be considered adequate, 
they may therefore be used with the extra and double extra strength 
pipe. If otherwise, special fittings and connections are required, 
the tapping size will in any event be the same as for standard sizes 
of pipe. 

Engineering handbooks or dealers' lists may be consulted for 
details regarding the characteristics and dimensions of such pipe. 



O.D. pipe is made as noted above in diameters listed by the 
manufacturers, from 14 to 30 inches, and in varying thickness 
according to service required, from J to 1 inches. 

The usual connections and fittings for commercial pipe, such as 
bends, turns, elbows, tees, Y branches, valves, etc., are too well 
known to require detailed consideration in the present work. Full 
information regarding these matters is furthermore available in the 
various manufacturers’ or dealers’ lists. 


♦ 

69. Cast-iron Pipe. ComIviercial Sizes and 
Standards 

Commerical cast-iron pipe is made in a wide variety of diameters 
and thicknesses of metal, in accordance with varying requirements 
and varying standards of design and manufacture. The nominal 
size is measured on the inside, and the varying thickness of metal 
affects therefore only the outside diameter. 

The usual manner of connecting successive lengths of such pipe 
is by means of the beU and spigot joint formed with space for calked 
metallic lead as packing material, as shown in Kg. 10% 

Engineering handbooks or dealers’ lists may be consulted for 
details regarding the characteristics and dimensions of such pipe. 

In addition to the standard bell and spigot form of joint, various 
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forms of special joint are occasionally employed. Thus in Eig. 110 
are shown two forms of flexible joint, lead packed. The form 
shown at a is more commonly employed, while that shown at h 
is more expensive and is intended for large pipe under relatively 
high pressure. So-called ‘'Universal” pipe, as shown in Fig. Ill, 




11 





Fig. 110. — SPEOiAii Forms Ball and Socket Joints. 

is fitted with an inside and outside taper or cone joint with machined 
surfaces, giving an iron on iron contact. The slope of the tapers 
are slightly different, thus allowing some degree of flexibility while 
stiU remaining tight. The two parts of the joint are drawn together 
by bolts carried in lugs as shovm. 

A great variety of formulae have been proposed and employed, 
giving the relation between the diameter, thickness and pressure 



Fig. 111 . — XJNivEESAii Pipe Joint. 

or head for safe operating conditions. Among these Fanning’s, 
which has had, perhaps, as wide acceptance as any, may be put 
in the following form : 

.__(2>+97-2)c? , , 

7220 

where ^=thickness (i). 
p=pressure (pi2). 
d= diameter (i). 


H.P.L.— o 


194 


HYDRAULICS OP PIPE LINES 


TMs formula, which gives results agreeing well with the figures 
of standard practice, implies a wide variation in the actual working 
stress for varying sizes and pressures. Prom the form of the ex- 
pression it is clear that the thickness t provides for the following 
combination : 

1. A working pressure p with a working stress of 3610 (pi2). 

2. An excess pressure of 97*2 (pi2) (or in round number 100 (pi2)) 

as the result of shock or other unusual conditions, and with 
the same working stress. 

3. An excess thickness of J inch to allow for corrosion and wear, 

accidents of manufacture, etc. 

In addition to the standard thickness of cast-iron pipe and 
fittings suited to meet ordinary requirements, specially heavy 
grades are listed by large manufacturers and intended to rneet the 
requirements of specially high pressures, the thickness and other 
dimensions being graded to the working pressure to be carried, 
usually in 100-pound steps up to 400 or 500 pounds per square 
inch. Manufacturers’ lists may be consulted for the details of 
such extra heavy pipe. 


60. Sheet Steel Pipe 

Sheet steel pipe is made up in lengths according to the available 
dimensions of steel plate, and joined length to length either by 
circumferential riveted joints or by means of flanges or other special 
form of joint. Longitudinal joints are either riveted or welded. 
As a general rule each length or section of pipe is made up of a 
single plate wrapped around the circumference, and hence with 
but one longitudinal joint per section. 

Taking first the form with riveted joints we shall pass in rapid 
review the chief constructive features. 

The available materials are sheet steel plates in widths up to 
8 or 10 feet, in lengths up to about 20 feet, and in thicknesses 
increasing by sixteenths up to 1 J inches or more if desired. 

It is shown in mechanics that in the case of a cylinder under 
internal pressure the stress along a longitudinal ideal section is 
twice that along a circumferential section. It follows that the 
chief effort, in the matter of fastenings, must be directed toward 
the development of the highest possible efficiency in the longitudinal 
riveted joint. The only exception to this general rule is found in 
the case of pipes subjected to light pressure where strength is not 
the ruling factor in determining the thickness. An illustration will 
make clear the considerations involved. Assume a diameter of 
24 inches and a pressure of 30 (pi2) with a safe actual working 
stress of 15,000 (pi2) and a longitudinal joint efficiency of 80 per 
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cent. Erom mechanics we have for the thickness of a pipe tinder 
internal pressure, the formula : 

pd 

2Te 

where ;p=pressure (pi2). 

<i=diameter (i). 
thickness (i). 

T=safe working stress in joint. 
e=joint efficiency. 

Substituting in this formula we find ^=-03. 

It appears, then, that so far as strength alone is concerned a 
thickness of -03 or, say, inch would be sufficient under these 
conditions. 

Such a pipe, however, would lack stiffness and resistance to 
external local forces or to coUapse under external pressure in case 
the pressure within should ever fall below the atmosphere. Further- 
more, there is no provision against corrosion or wear, except as 
contained in the factor of safety. Thus with an ultimate strength 
of steel plate at 60,000 (pi2) the factor of safety when new is 4. 
Suppose now a thickness of no more than *01 inch to disappear 
under the influence of corrosive action. This means the loss of 
one-third the available metal and the reduction of the factor of 
safety to 2-67. With inch thickness removed by corrosion, only 
one-half the original metal remains and the factor of safety has 
fallen to 2. The serious results of such a condition are plainly 
apparent, and in order to provide for a reasonable life under corro- 
sive action and also to give stiffness and strength under external 
load, it is necessary in all such cases to add arbitrarily to the thick- 
ness. For the case mentioned, ^ or inch would be considered 
the minimum thickness permissiffie. For all such cases it appears, 
therefore, that strength under internal pressure is not the ruling 
factor in the determination of thickness, and hence that the reahza- 
tion of the highest possible efficiency in the longitudinal joint is of 
less importance than in cases where, under high pressures, strength 
under such pressure becomes the rifling factor. 

Longitudffial Joints. — For the longitudinal joints of steel plate 
pipe line sections, a great variety of design may be employed, 
according to the efficiency to be considered significant in the special 
case. 

Thus when stiffness and allowance for corrosion determine a 
thickness considerably in excess of the requirements for strength 
against internal pressure, a single riveted lap joint may be employed. 
Adoublerivetedlap joint will give a somewhat higher efficiency and 
a joint more easily made and kept watertight. Next in order, and 
where it may be desirable to maintain a more truly circular form of 
section, comes the single or external butt strap joint with either 
single or double riveting, as indicated in Fig. 112. The efficiency of 
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the sin^o riveted lap joint will range alx>nt -55 or -56 and of the 
double riveted lap joint about '70. The ofiicieiicy of the single and 
double riveted single butt strap joints wil range about the same as 
for the corroBponding lap joints, the only advantage lading in a more 
truly circular form of pipe section in the latter case. 

Where high efficiency is desired, as in all eases wk^ro thickness for 
strength against internal pressure is the detormining feature, the 
lap or single butt strap joints should not employed. For such 
cases double butt straps with the thix^e or even four rows of riveting 
on each side are employed, raising the efficieiicy of thc^ joint to from 
•80 to *90 or more according to the particular design of joint 
employed. 

A detailed discussion of the theory and manifohl forms of riveted 
joints is outside the scope of the presont work. In Figs. 113, 114, 
however, are shown diagramB of approved forms of sucli joints as 
may be applied to the longitudinal seams of steel pressure pipes. 


o 

o 

o 

o 

o 

ol 





Fio. 112.— Kivwom Jomm 

In connection with these diagrams a few indieaticins may be .^ven 
regarding the examination of any iiroposed form of Joint for strength 
and efficiency. 

It should first be noted that such procedure is in ecmsiderable 
degree arbitrary in character, since we do not know the liifliienee of 
the friction bestween the plates and of variomi other faetow which 
may affect the relation Ix^twecn the load and the manner in which it 
is carried by the component elements of the joint. With the usual 
conventions, however, the joint may be examined m follows. 

Obviouriy the resistance to rupture in aU po»»ibIa way# should be 
examined, and the strength for each such ;po»«ible method com- 
pared with the strength of the plate as a whole. Aetimly only 
three possible modes of rupture are commonly eoiisi^lciRxl. 

L Rupture by tearing between the outf^r rivets of the rivet 
pattern. 

2. Buptcffe by shearing the rivet seotioni. 

3. Rui^ure by crushing due to the Imring load ^tw^n the rivet 

and the metsd of the plate. 
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The unit of the joint commonly taken is the element of the rivet 
pattern covering a distance equal to one space in the outer row of 
rivets, as AB, Kgs. 113, 114. 

Let p=pitch of rivets in the outer row. 
i5=thickness of plate. 

. d= diameter of rivet. 



Fig. 113. — Riveted Joints eob Longitudinal 


Seams. 
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m=nuraberof rivets in single shear in one element of the 
rivet pattern. 

9^=number of rivets in double shear in one element of the 
rivet pattern. 

^=tensile strength of plate. 

/S'i=shearing strengths of one section of rivet in single shear. 

/Sa^shearing strength of one section of rivet in double shear. 

C'j=crushing strength for rivets in single shear. 

(72=crushing strength for rivets in double shear. 

Then for the tot^ strength of plate of width p we have 

(1) ptT. 

For the strength against tearing along the line between the two 
rivets in the outer row we have 

( 2 ) {p--d)tT, 

For the strength against rupture by shear we have 

(3) (mS^+2nS^), 

For the strength against failure by crushing we have 

(4) dtimCi+nG^). 

The various efficiencies wiil be given by dividing the various 
expressions (2), (3), (4) by (1). 

Obviously the lowest value must be considered as ruling for the 
joint in question. 

The highest economy of joint is obtained when the proportions 
are such as to give equal values to aU three efficiencies. This, 
however, is not always practicable, though in most oases this 
condition may be closely realized. 

For steel plates and rivets the following values may be employed 
for the various strength factors above noted. 

T= 60,000 
Si== 44,000 
S^= 45,000 
90,000 
(72=110,000 

The distance of the centre line of the row of rivets nearest the 
edge of the plate should be from 1-5 to 2 times the rivet diameter. 

The rivet diameter d should be from 1-2 t to 1*4 1 

In multiple staggered riveted joints the minimum distance between 
rows of rivets shoffid be *6 to *8 the minimum pitch. 

Welded Longitudinal Joints. — ^In place of riveted joints, welded 
longitudinal joints have, during the past decade, come into extended 
and approved use. Such joints are made lap-welded in gas-heated 
furnaces and with approved technique in the process show effi- 
ciencies of 90 per cent and better. Such form of joint is especially 
suited to the heavier thicknesses found necessary for the lower ends 
of high pressure penstocks and similar designs. Where the thickness 
would exceed 1 inch, the equivalent strength may be made up by a 
main shell with welded bands shrunken on, three or four inches 
wide and Avith an equal distance in the clear between bands. In 
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this manner, pipe for the heaviest service may be ihade up in 
welded form. . 

Welded pipe, due to the higher joint efficiency as compared with* 
riveted pipe, has the advantage of thinner plates and less weight 
for the same diameter and head or greater diameter for the same 
thiclmess and head. Due to the absence of rivet heads it has also 
the advantage of better hydraulic conditions of flow, as referred to 
in Sec. 61. 

Circumferential Joints. — ^As already noted in the case of a 
cylindrical shell subject to internal pressure, the stress along a 
longitudinal line or section is twice that along a circumferential 
line or section. Or otherwise, a cylindrical shell under internal 
pressure has twice the strength against rupture along a circumfer- 
ential line that it has against rupture along a longitudinal line. It 
follows that with equal efficiency in both longitudinal and circum- 
ferential joints the factor of safety will be twice as great against 
rupture along a circumferential line as compared with rupture along 
a longitudinal line. It results that, so far as strength alone is con- 
cerned, there is no occasion for using the especially high efficiency 
riveted joints which are required for the longitudinal seams. The 
efficiency of a properly proportioned single riveted joint is usually 
found about 56 per cent. Such a j oint in a circumferential seam would 
therefore represent a factor of safety equal to that for a longi- 
tudinal joint with efficiency of 110 per cent were such efficiency 
possible. Or otherwise, with the very best efficiency of longi- 
tudinal joint possible, even supposing it to reach 100 per cent, and 
with a single riveted circumferential joint of 65 per cent efficiency, 
there will still remain an excess factor of safety with regard to 
rupture along the circumferential joint, and if tested to destruction, 
rupture will occur along the longitudinal joint. 

It should be noted further that the development of full stress 
along a circumferential line in a cylinder under internal pressure 
presupposes a cylinder with closed ends and without external 
constraint. The condition of a pipe with open ends and through 
which is flowing a stream of water is far from fulfilling these 
specifications. In fact it is readily seen that in a typical pipe line, 
stress along a circumferential line will only be developed as a result 
of some combination of the following conditions and of which (4) 
must be a constituent element. 

(1) Bends, turns or elbows. 

(2) Changes in size. 

(3) Closed valves. 

(4) Such freedom from constraint at or near the conditions (1), 
(2) or (3) as to permit end movement relative to some other part of 
the pipe definitely anchored in place, thus developing a lengthwise 
pull on the pipe as a whole and a resultant stress along a circumfer- 
ential line. 

With actual pipe lines these conditions are likely to obtain in 
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varying degrees, but it is unlikely that they wiE ho such as to 
permit the development of the full lengthwise pull duo to the 
internal pressure over a closed end of the pip(% and hence of the 
development of the full stress along a circumferential lino (see 
Chap. IV, Sec. 62). 

All of these considoratioiis show, so far as wo arc concerned with 
strength against internal pressure, the greater relative importance 
of high efficiency in the longitudinal as compared with the circum- 
ferential joints, and the sufficiency of a properly proportioned 
single riveted lap joint. 

The circumferential joint must, however, provide for other 
requirements quite independent of strength under internal pressure. 
Those are : 

1. Strength under bending stress to wliieh the pipe may 
bo subjected and general stiffness, coherence and continuity of 

igth. 

2. Watertight closure of the joint. Wlule the single riveted jdnt 
can be made watertight under normal working conditions, it is 

much easier to make a <louble riveted 
joint tight, and the latter is much 
less liable to develop leaks under 
irregular shifting stresses duo to 
changes in the temperature condi- 
tions. The double riveted joint is also 
markedly superior tf) the single riveted 
in stiffness and in giving strcnigth to 
Fio. 116.— Eivkxbo JoiKT FOB ^ho pipe under bending stress. For 

CraouMFBBBNTUL Sbams. 

of joiot m to rc^eommarKled for 
tho circumferential seams in all high-grada work. 

In conuecting the successive sections of the liua choice will lie 
between two modes of coiistruotioii : 

L In and out sections, or alternates sections differing in radius by 
an amount equal to the thickness of the plate, and thus adapted to 
form the lap ciroumferential joint by the dipping of the smaller 
section into the larger, 

2. Sections all of the same radius or diameter, butting together 
at the end and connected by an outeide butt-strap, thus making a 
double lap joint (see Fig, 115), 

The use of in and out sections has tho advantage of a slight saving 
in cost and of Ixung easier to calk from tho inside. It h^, however, 
the disadvantage of a periodic change in pips diameter at every 
section, altt^rnakdy large and small, so that there will Im at each 
Joint a definite loss of head (see See. 9) due to this caumi. The use 
of uniform scKjtioiis with outside butt-strap avoids this loss and 
thus furnishes much better hydraulic conditions than with alter- 
nating diameters. 

To r€d[i 2 » tMs advantoge, however, the space left for calking, if 
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any, between the ends of the sections must be filled in, otherwise 
there will be presumably little to choose between the two forms of 
pipe. We shall again refer to this subject at a later point. 

By reason of the possibility of better hydraulic conditions, the 
use of sections of uniform diameter and with outside butt -straps is 
to be recommended in high-grade practice. 


61. Hydraulic Conditions in Riveted Pipe Lines 

The features which may enter into the production of eddy losses 
in riveted pipe lines are the following : 

1. Rivet heads in both longitudinal and circumferential joints. 

2. Longitudinal butt-strap ends. 

3. Abrupt changes in size at the ends of sections, in case in and 
out sections are used. 

4. Abrupt enlargement in size between the ends of section of 
uniform diameter, in case the ends are not butted closely together, 
or in case the space left between the ends is not otherwise fiUed in. 



Fig. 116 . — Riveted Joutt eob Cibcumfebential 
Seams with Sptosr Lead Fillestg between 
Ends or Sections. 


In a pipe line of considerable length there may be thousands of 
rivet heads, each projecting a little way into the moving stream of 
water and producing an eddy of small individual magnitude, but in 
the aggregate forming a loss by no means negligible in amount. The 
possible magnitude of this loss and the means for reducing it to a 
minimum have not attracted the attention which they deserve. 
Instead of the full projecting head, as is too commonly employed, the 
use of a countersunk nearly flush head or point, as shown in Kg. 116, 
would be advantageous. This gives the effect of smooth ship plate 
riveting and provides improved hydraulic conditions as compared 
with the projecting head. Pipe rivets are commonly driven, heads 
inside and points outside. This is primarily as a matter of con- 
venience. With such mode of riveting, the rivet for the results of 
Kg. 116 must be formed with a special head. If, on the other hand, 
the rivets are driven head outside and point inside, the usual form of 
rivet will serve and it only remains to countersink the hole at the 
proper angle, head up, as in ship work, and chip off the excess. 
While the saving by such form of riveting can scarcely be estimated 
with any approach to accuracy, it seems well assured that it is by 
no means negligible in amount. 

Longitudinal butt-strap ends have already been referred to. In 
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common practice these are often shifted through a certain angle at 
each joint, usually 90®. This gives a series of ends, two for each 
section of pipe, aU unshielded and aU operating to produce loss 
through eddies and turbulence. There seems to be no necessary 
reason for shifting the straps. It cannot add essentially to the 
strength of the line. If then the straps are lined up along a single 
element of the cylindrical pipe, they produce simply a change in the 
form of cross section and doubtless introduce a slight loss along their 
longitudinal edges, but the loss due to their ends may be practically 
eliminated. 

The influence of the abrupt change in size at the ends of sections 
where the in and out system is used, has been referred to previously. 
While not directly measurable and only to be inferred by com- 
parison, the loss due to such ends is undoubtedly far from negligible. 
It may be obviated by the use of uniform sections with outside 
butt-straps, assuming proper care of the space between the ends as 
noted below. 

The influence due to the sudden enlargement between the ends of 
pipes fitted with joints, as in Fig. 115, has been already referred to. 
If this space is left open, a loss will result and the possible advantage 
of the uniform diameter of sections will be largely, if not whoUy, 
lost. To avoid this, the space should either b^e filled with some 
material such as spun lead, or the joints may be trimmed and butted 
close with electric welding in lieu of calking, as referred to below. 
The advantage, in respect of the hydraulic conditions of flow, 
oflered by welded longitudinal joints in place of riveted joints, has 
already been noted in Sec. 60. 

62. Calking of Riveted Seams 

The calking of a riveted seam is much the more effective when 
applied on the side under pressure. It is obvious that it is easier 
to stop a small leak in a seam on the entering side rather than on the 
issuing side. Hence in pipe work inside calking is much more 
effective than outside calking. On the other hand, with the pipe 
under pressure, local leaks or imperfect sections of the joint can only 
be closed from the outside. For these reasons it may be recom- 
mended to carefully and thoroughly calk all seams on the inside 
before applying the pressure. Then for the closure of such small 
residual leaks as may show, or for the closure of small leaks which 
may develop with the pipe in service external calking may be 
resorted to. 

In this connection reference may be made to the circumferential 
joint formed by an outside butt-strap, as shown in Fig. 116. If the 
section ends are butted close together it will not be practicable to 
calk on the inside at the angles a and h. On the other hand, unless 
the plates are trimmed with great nicety, they will not butt together 
closely all the way around^ and a crack pr opening will be left 
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between the plates of varying width. To permit of calking at a and 
h the plate ends may be separated a distance somewhat less than 
the thickness, as shown in the figure. A special tool may then be 
employed for calking at a and thus insuring, as nearly as may be, 
a watertight closure of the joint. 

This, however, leaves an opening between the plates sufficient to 
form an eddy of sensible magnitude as a resifit of the sudden 
enlargement in size of conduit. This again may be closed by calking 
spun lead into the opening. This is metallic lead in the form of fine 
threads, and forms an admirable material for filling such spaces. 
If the edges of the plates are slightly undercut, it will aid in holding 
this in place. In any event, the undercut developed by the. calking 
at a and h wiU operate to form an anchor at the bottom for such lead 
filling. In this manner aU requirements may be met ; the joint 
may be calked on the inside and a smooth continuous surface 
provided for good flow conditions for the water. 


63. Electric Welding at the Joints in Lieu of 

Calking . 

Modem developments in the art of electric welding with metal 
electrodes furnish an admirable substitute for the time-honoured 
practice of impact calking. By this means the entire line of contact 
between the two plates forming the joint may be closed and the 
plates locally united by welded metal fiQling. The use of local 
electric welding instead of calkmg may be strongly urged in all high- 
grade practice. It unquestionably gives the nearest approach to 
absolute assurance of a watertight joint. There is presumably less 
choice than with calking as to application on the inside or outside. 
Application on either side, as may be convenient, will be effective, 
or if extra assurance is desired, both inside and outside s.eams may be 
treated. A further advantage of electric welding in lieu of calking 
is reahzed with circumferential joints, as in Fig. 116. Here the 
seams at a and h are readily treated, or otherwise the electric calking 
may be restricted to the outside seams at c, d. 

Welding by the oxy-acetylene process may also be applied to the 
same end, but it is somewhat less convenient in application for this 
particular purpose, and it will also be usually found somewhat more 
expensive in use. 

64. Pipe Joints and Connections 

The connection of the successive lengths of riveted pipe by means 
of circumferential riveted joints has already been referred to in 
Sec. 60. When the pipe is to withstand high pressure, as at the 
lower end of a high head line, or at the pump end of a high-pressure 
pumping line, some form of flange joint is often employed. In the 
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ease of welded pipe, a number of special forms of joint have been 
developed in addition to the regular type of flange connection. 

Fig. 117a shows a standard form of flange joint in which the 
flanges are riveted to the sections of pipe. 

In Fig. 1176 the flanges are likewise riveted to the pipe, but the 
form of packing is peculiar and of special value for very high 
pressures. As shown in the figure, a groove of section narrowing 


several thousand pounds per square inch — ^far above any pressures 
liable to be met with in pipe line practice. 

In Fig. 118a the ends of the sections of pipe are flanged out and 
are pinched together between specially formed ring flanges as shown. 
When the nuts are properly set up on the through bolts holding the 
two parts of the flange together, the projecting rib on the outer edge 
insures a definite compression on the flanges and on the packing 
material between them. The individual rings in the case of such a 
construction must be made in two parts in order to get them into 
place back of the flange on the pipe. 


Fia. 118 . — Forms of Flange Joints. 


Fig. 117 . — ^Forms of Flange Joints. 


toward the outside is formed in one of the flanges. Within this 
groove is fitted a ring of soft, solid rubber packing. The water has 
free access to the base of this groove and the pressure acts on the 
rubber ring tending to drive it more and more closely into the 
narrow end of the groove, thus effectually packing the joint even 
against the very highest pressures employed. This form of packing 
joint is also employed with entire success against pressures of 
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Fig. 1186 shows a favourite form of joint for thin and medium 
thiclmess of large welded pipe. 

Fig. 119a shows a form of connection which gives in effect an 
expansion joint at each joint of the line. The construction will he 
clear from the diagram. 

Fig. 1196 shows an excellent though somewhat expensive form of 



Fig. 119. — ^Fobms or Flange Joints. 


joint for high-pressure work. The ends of the pipe sections are 
thickened up by special treatment in fabrication, and are turned up 
to form as shown. Within the thickened end is formed a tapering 
groove for soft rubber ring packing, similar to that in Pig. 1176. 
The action of the flange rings on the sloping surfaces formed on the 
pipe is evident from the diagram. 

Fig. 120 shows a form of joint suited to very heavy pipe. Here 



the flanges are threaded on to the pipe, and a groove or recess for 
soft rubber ring packing is formed in the metal of the pipe itself 
without thickening. 


65. Wood Stave Pipe 

See Fig. 121. This pipe is made in two forms, machine banded in 
lengths, and continuous. Machine-banded pipe may range from 2 
or 3 inches up to 24 inches in diameter and in lengths up to 20 or 
24 feet. It is banded with heavy wire wound on by machine under 
appropriate tension. For connecting together successive lengths, 
different types of coupling may be employed. 

In one type of such coupliag a coupling band is used, the inside 
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diameter of which is only slightly less than the outside diameter of 
the pipe. The ends of the pipe are then slightly reduced in diameter 
so that a tight joint may he made with the couphng band. The 
latter is then forced for half its length on to the end of one of the 
lengths of pipe and the next length is forced into the other side of the 

coupling, thus completing the joint. A 
coupling band of this character is made 
up the same as a short length of pipe with 
wire or steel-rod banding to give it the 
necessary strength. In fact such coupling 
hands are usuahy banded up to perhaps 
double the strength of the pipe, in order 
that they may stand the stress which 
develops from forcing them on to the end 
of the pipe. 

A second form of coupling shows a 
similar band or sleeve, but with inside 
diameter somewhat less than the outside 
diameter of pipe. The latter at the ends is then reduced in 
diameter to two-thirds or one-half thickness of the wood for the 
length of bearing, and the joint is assembled as before. 



Fig. 121. — ^Section oe 
Wood Stave Pipe. 



Fig. 122. — Saddle for Roitnd Eod Tibs — Wood Stave Pipe. 


In a third form, used only for small pipes and light pressures, 
one end of a pipe length is reduced in diameter to about half the 
thickness of the wood and a corresponding counter bore is made in 
the companion end of the adjacent Imgth. These are then forced 
together and the joint is complete. 

Instead of wood couplings, cast-icon couplings of suitable form are 
sometimes employed. For elbows, Ys and Tees, cast-iron fittings 
are commonly employed. 

Continuous wood-stave pipe is made by assemblage in place, 
breaking joints with the successive staves so that the entire line 
becomes a continuous structure without joint or break in con- 
tinuity. The banding of such pipe consists of separate ring bands, 
usually of round steel, threaded at one or both ends, fitted with a 
suitable saddle or end fitting and set up with nut, as shown in 
Fig. 122. Such pipe is made in diameters ranging from 12 inches to 
100 inches and more. 
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The following thicknesses of staves for machine -banded pipe have 
been generally adopted by manufacturers of this style of pipe. 


Diameter. Thickness. 

3 inch. 1 inch. 


4,5,6 „ 

ItV 

8,10 „ 

H 

12,14 „ 

ii^ 

16,18,20 „ 

li 

22,24 „ 

Ii^ar 


For continuous stave pipe the thickness of the stave increases 
somewhat with the size and with the pressure. The variation with 
the pressure has two purposes : 

1. To secure increased general rigidity and soUdity of construc- 

tion with advancing pressures. 

2. To allow for the necessary bearing pressure between the sides 

of the staves. 

The following table gives the general range of thicknesses 
employed : 


Diameter, 

Under 25 inches. 


24-26 

28-34 

36-44 

46-54 

56-72 




J5 


74 upward 


Thickness. 

If inches. 
l-iV j) 

If . 

liV 

If „ 

2 inches to inches 
2f ,, 3f „ 


In pipe of this construction the band, when the pipe is imder load, 
must carry the total load due to the internal pressure plus the 
reaction due to the compression between adjacent staves. Some 
degree of such compression is necessary in order to insure a water- 
tight joint with the pipe under load. The bands must therefore be 
put on with such initial tension as will insure the necessary degree 
of residual compression when under full load pressure. When the 
pipe is not under load the tension in the band wall be that due to the 
original tension with which it is set up. When pressure is brought 
on the pipe the tendency wiE be to force the staves outward, 
relie^ng the compression but increasing the tension in the bands so 
that under actual working conditions the total band tension must 
equal, as above noted, the sum of the load due to water pressure 
plus the reaction due to the compression. 

Mr. A. L. Adams,* in recognition of this general principle, has 
developed a formula connecting the pressure, size and spacing of 
bands, thickness of stave, etc. He assumes the extra load due to 
edge compression in the staves to be measured by 1*5 times the 
water pressure over the contact area of the staves plus an allowance 

* “ Trans. Am. Soc. C.E,, 1899,^’ p. 27. 
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of 100 (pi2) for swelling of the wood when wet. On this assumption 
the formula dovolops as follows : 

- 

WhoHi / t-* band Bpaci ag (i )* 

load carried by band (p), 
internal radiuB of piiK^ (i). 
jJ^thickncBa of Btave (i). 

P’^waterprcBBuro (pi2). 

Mr. 1). (j. Henny'*' conHiderB that tins allowance of IbO (pi2) in the 
Adame formula for the Hwelling of wood when wet is unnecessary, 
and prefers the formula 
1 ^ ^ 

^ (H+hmp 

The bands, when in the separate or ring form, as for continuous 
pipe, are upset at the thread ends so as to give full secftion of metal 
at the root of the thread. 

I The working stress in the band may tak<ui from 12<K)0 to 

' 16000 (pi2} according to character of service. 

In acldition to the tensile load carricul by tlie band itself due 
I consideration must be given to the question of the tearing or 

; crushing load on the wood under the ImmL For red wood {Heqmm 

I sempemrem) a bearing value of 700 (pi2) may ki employed. For 

! Douglas fir {Paevdotauga MwmrwUa) tearing values of 8(K) to 

I ' 1000 (pi2) are employed. In <letermining this value It is misumed 

1 ' : that one-half the diameter of the round rod or wire kmrs against 

' ' ■! the wood. On this assumption and denoting the tearing pressure 

by B and diameter of band by d, we have for the relation between 
B and 8 the equation 

In selecting the banding there are two variaM«, the »imcing of the 
bands and the diameter of the rod. If there were no limitations to 
either of these, values could always be icleoteci which would give 
any desired combination of valuM of tensdo and tearing stresi. 
Both dimensions must, however, be limited. The spacing cannot be 
greater than 8 or 9 inches and only then for very low pre»ur«. 
Again, bands smaUer than J to | inch corrode too ra|:«my, while 
those greater than | inch are too stiff and difficult to :rea<iEy handle. 
Within these Bmits the desired, dimension wffl not always sf^oure 
both tearing value and tensile stress as desired and hence it may 
■ "become necessary to design for teth and take the final cMmaasions 

according to winch of the two control. 

For the smaUer sizes of pipe, for example 124nch efiamoter and 
less, the tearing value is likely to te the controUnig feature and 

* IbU., p. 68. 
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must therefore be carefully considered. For the larger sizes of pipe 
the stress due to the pressure is usually found to rule and the bearing 
pressure may therefore be neglected in the computation. Where any 
doubt may exist, however, the determination should be made in both 
ways and the safer value taken. 

Table XXV shows the size and spacing of bands recommended 
TABLE XXV 


BANDS 


SI 

■§3 

>.4 

<o 



Spacing in Inches for Heads 

in Feet 



S CD 

.5 » 
PS 

1 

P 

25 feet 

50 feet 

75 feet 
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Band Spacing Jot Wood Stave PipCn 


for service under various pressures as indicated in terms of water 
head.* 

It thus appears that in such a combination of wood staves and 
steel bands the latter provide the necessary strength under internal 
pressure while the staves provide for a watertight inclosure, insure 
the necessary stiffness and general coherence as a structure, at the 
same time protecting the bands against corrosion by the water. 

* Furnished by Mr. J. D. Galloway. 

H.P.L.— p 
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Ab already noted in See. 59, it in not j)racii€al)le to reduce the 
thioknoBB of stool i)ipo bedow some minimum valiu*, which according 
to size may range from | to perliaps or | inch. Tliin minimum 
thieknoHB is nocossary rogardleBS of stroHB due to internal pressure 
and in order to Kccurc HtiffuesH, resistances against collapw^ under 
external proHsure and by way of excess material to provide adequate 
life under corrosion extending over a p<jrlod of years. 

It thus results that under appropriate conditions, a combination 
of wood staves and steel bands may provide advantageous con- 
struction for light or medium presBures. 

By way of example assume a |)ipo 24 indies diameter under a 
presHuro of 50 foot of water. Then from Table XXV wt find jM^r foot 
of length two |-inch bands giving a not section of *40 (i2) jxjr foot 
of pil)o. 

On the other hand, for an all-steel pip) under these conditions 
I to inch would bo considered a minimum thickne^ss, at least 
having in view a reasonable lifo. This would mean a cross section 
of L5 to 2*25 (i2) of steel p)r foot of length for the all-steel pi|>e. 

It therefore appears in this case that strength alone can be 
secured by the use of one-fifth the amount of sk^el which an all- 
steel pipe would require. It then remains to be doL^rmimsi whether 
the combination |)er foot of *40 (i2) of steel section witli the neec^ssary 
wood staves will furnish a more economical or more satisfiMdory 
pipe than the use of 1*5 to 2*25 (i2) of steel section foot as re- 
quired by all-steel pipe. This will naturally de|X5n<l on siKicial or 
local conditions and on the si)ecial advantages which tlie wood pi|M) 
may bo able to offer. 

Among others the following spt?eial features may noteci 

Wood stave pipe is not subject to corrosion or tulx^reulation, 
in the case of iron or steoL It furthermore resists corrosion or 
damage under tho attack of acidulated water or many chemicali 
which cannot be safely handled in iron or steel pifan 

Regarding frictional resistance, the normal coellicients aw 
somewhat letter than for steel pii)e. As noteci in Bcfc. 7, when new, 
a value of n^Oll may be employed, or values of 0 varying from 
120 to 135 according to size. Duo also to the alxience of cowosion 
th.(:5 coefficients remain higher than for iron or steel of the 
same ago. The ultimate state of tho interior «urfa«‘x of wood 
stave pi|X3, in common with many forms of water cxaidiiit tends 
towarcl the development of a sort of gelatinous Hliiiie covering 
with a value of n jx^rhai^s *012 or *013 and with values of C inewased 
accordingly. 

Due to the elasticity of the wood and of the haricliiig it k not 
liable to rupture when the contained water Is frozim. The necessary 
expansion is taken up by the wood and by the banding. 

In the matter of durability, wood stave pip© of Oalifomia rod- 
wood {Sequoia sempandrem) has often given resulte comparing 
favourably with wrought iron or -itooL It should, however, l^ kept 
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filled with water. Alternate wetting and drying out of wood stave 
pipe will bring about rapid deterioration. Wood stave pipe, as a 
rule, decays from the outside, and it is therefore desirable to have 
such pipe exposed where it can be examined and kept painted with 
a suitable protective covering. The usual coating is hot tar with 
an outer coating of sawdust. If this coating can be kept intact 
and the pipe kept filled with water the life should range to twenty 
years and upward. 

The steel wire or rod banding must also be protected from cor- 
rosion by suitable protective coating, or otherwise the security of 
the pipe against rupture will be endangered. 

66. Reinforced Concrete Pipe 

Reinforced concrete pipe has already been briefly mentioned. 
The field of usefulness is restricted to light pressures, as for wood 
stave pipe, and for the same reason. It is, in fact, clearly seen 
that the concrete in the one case exercises the same function 
that the wood stave does in the other ; it supplies stiffness and 
protection against corrosion. 

In addition to circumferential reinforce, a certain amount of longi- 
tudinal reinforce must also be provided in order to give longitudinal 
coherence and strength, together with the needed strength under 
possible bending stresses. 

One serious limitation of concrete pipe is in the difficulty of 
making it watertight, especially under any but the lighter pressures. 
The consideration of ways and means for rendering concrete water- 
tight, or as nearly so as possible, is aside from the main purpose 
of the present work and the point can only be noted here in passing. 
The fact, however, must not be forgotten, and the difficulty of an 
entirely satisfactory realization of watertight concrete and of the 
avoidance of small cracks and consequent leakage must be con- 
sidered as constituting a serious limitation to the practicable use of 
such materials in pipe line construction. 

67. Design 

The given quantities in the usual problem of design are the 
following : 

L The rate of flow or quantity of water to be handled. 

2. The head under which the line is to operate, and the general 
profile and topography of the line. 

The principal quantities to bo determined are the following : 

L The diameter or the general distribution of diameter along 
the length of the line. 

2. The determination of thickness and its distribution along 
the length of the line. 
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3. Details of joints and connections. 

of nioimtings and fixtures. 

5. DoBigu of piers and anchors. 

Diameter of Line — ^Economic Size. — The determination of i 
diameter of a pipe line is an economic problem. Whether the 
IS to bo ub<k 1 for the delivery of power to a water wheel or fon 
carrying of water or other liquid under a pressure head, the f ollowi 
fundamental elements are involved : 

(1) The lost head resulting from the flow through the pipe 

f "^alue of the head thus used up. 

(2) The size and weight of the pipe, the cost of the same instaJll^^* 

in place and the annual charges on such cost. 

It is obvious that as the pipe is larger, item (1) will decrease 
item (2) increase ; and inversely as the pipe is smaller. 

Further, it is evident that each of these items must be viewed 
the light of an expense or cost and that the sum of the two 
Bents the total aimual cost chargeable against the pipe line 

The economic problem therefore reduces itself to the finding 
such a size of pipe as shall make the sum of these two iteiDOi^ ^ 
nnnimum. In Appendix IV will be found a brief matheina.i>ic*al 
discussion of the general problem of the economic deternodna.'fci^a 
of a variable element in an engineering design. 

In the case of a pipe line under specially restricted and si^oai^l® 
conditionB it is possible to express algebraically the vaari<>w^ 
quantities involved, and thus to derive an algebraic formulae 
the economical diameter in terms of the ruling conditions of t he 
problem. It will be instructive to examine briefly this special 
in particular for the light which it sheds on the general charaLCit^i 
of the relation between the economic diameter and the controlllfil 
elements of the problem. The special conditions of the assiaarrM^cJ 
case arc as follows : 

L The diameter is uniform. 

2. The gradient is uniform. 

3. The thickness bears a constant relation to the product of 1 1« 

pressure by the diameter. 

4. The weight per lineal foot bears a constant relation to tin 

product of the thickness by the diameter. 

In the typical pipe line problem none of these conditions im f«l 
filled. The diameter commonly decreases in steps from uppe^r U 
lower end, and for reasons to which further reference will be 
at a lat(?r point. The gradient is rarely uniform, but more comrotot ilj 
follows, in some measure, the accidents of the topography. *Thi 
thickness, instead of showing a uniform relation to the prodocst. o 
pressure and diameter (that is to the stress due to internal preB»«r©) 
varies necessarily by steps according to the thickness of . 
commerdbdly available, and at the upper end, as we have previoci»li 
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there is likely to be a thickness in excess of that required for 
length alone. 

In spite of these differences between the actual and the assumed 
8©, the indications of the latter are highly instructive, and may 
rve further to give a very close first approximation in many actual 
ses. 

Let] X== annual charges on investment in pipe. 

Y ==annual value of the head used up in friction. 
a=cost of pipe per pound installed iji place (dollars). 
&=rate of interest for fixed charges on pipe (decimal). 
c=value of one horse-power year (dollars) estimated at 
lower end of pipe line. 

?^?=density of water (pf3). 

ai=density of steel (pf3), with allowance for laps, butt 
straps, rivet heads, etc. 

D=diameter of pipe (f). 
e==:efficiency of longitudinal joint. 

^=safe working stress in longitudinal joint (pi2). 
(7=coej6&cient in Chezy formula, 

F=rate of flow (f3s). 
j&=length of line (f). 

H and as in Mg. 123. 



Cast 1. — ^For the above-indicated simple case we then readily find 
j follows : 


Thickness at lower end 


w{H+E,)D 

2eTxl44 


Thickness at upper end= 
Mean thickness— 


wHJ) 

2eT X 144 ^ ^ 
w(H+2H„)D 
ieTxlU 


(f) 


Cir eumf ereuce = wD 


Hence 


X 


ah moa^(H -\-2jB o)LD^ 

'' 676iy 


( 5 ) 
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Lost Head= 


Hence T 


64F2L 
■n^G^D^ 


(see Sec. 6) 




Put 

516eT 
64m)F®L 


,( 6 ) 


We then have 


Then 


S: 
X 
T= 
dX 

dT 


550 n^G^ 
ahPDK . 
cS 

D® 

2ahPD 

5cS 


■(7) 

.( 8 ) 


dD D« 

To find the conditions for a minimum of the sum of X and Y we 
put the sum of the derivatives equal to zero and solve for D. This 
gives : 


D= 


/ 5cSY 


\M>P) 


(9) 


Restoring the values of 8 and P, and collecting all numerical 
values into one term we have 



The value of is intended to allow for the excess of weight of 
the actual pipe over that of a shell with geometrical volume nDtL. 
The value to be used will therefore exceed the weight of a cubic 
foot of steel in the same ratio as the weight of an actual foot of pipe 
exceeds that of a volume ixDt, 

Tables of weights based on good design show that for lap-riveted 
pipe the value of will be about 600, while for butt-strap pipe it 
will rise to values about 700, relatively larger in each case for thin 
plates and smaller for thick plates. More accurate values for any 
given case may be derived from the weights in Tables XXVI 
and XXVII. 

In this same connection, Merriman* gives a formula for the 
weight of lap-riveted pipe as follows : 

%?=12-5i)j5+10. 

Where weight in pounds per lineal foot and D and t are taken 
in inches. 

H'The indications of this formula agree fairly with the weights in 
Table XXVI, 


*** “ Civil Engineer’s Hand Book.” 
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The form of (10) shows that D varies directly with eTc and 7, 
and inversely with a, 6, C and The physical interpre- 

tation of these relations wiU prove interesting to the reader. We 
also note that the variation with all of the factors except 7 is very 
slow. With 7 it is a little less than as the square root. Thus a 
change of, say, 20 per cent in any of the factors except 7 will affect 
D by a little more than 2|- per cent. The same percentage change in 7 
wiU affect D by about 8 per cent. The variation of D with a change 
in the various factors in (10) except 7 is then very sluggish or, in 
other words, any given value of D will hold approximately over a very 
considerable range of variation in these various factors. To change 
in 7, the value of D is more quickly responsive as noted. It may 
also be noted that equal percentage changes in certain of the factors 
wiU leave the economic diameter unchanged. Thus equal changes 
in a and c will not affect the value of D. 

It may furthermore be readily shown by substitution from 
(9) in (7) and (8) that when the economic value of D is 
employed we shall have X=2*57. That is, the total fixed 
charges on the pipe will be 2*5 times the annual value of the 
total lost head. 

Equation (10) thus serves to establish the economic value of a 
constant D on the assumption of a value of t varying and at aU 
points proportional to a head varying from to {Hq+H): An 
ideal line thus determined, would therefore extend over this range 
of head, with continuous change in t from one end to the other, 
while remaining fixed in diameter as determined in (10). 

It wiU be noted that the value of D thus found is independent of 
L, this term occurring on both sides of the final equation for D 
and thus cancelling out. Otherwise we note that both X and Y 
necessarily vary, each directly with L and hence the relation which 
makes their sum a maximum or minimum is independent of L. 
This means, in effect, that the value of D thus determined is inde- 
pendent of the line gradient. 

The line must, however, extend from head Ho to head (H o+H), 
and hence the minimum length must be H, implying a vertical line . 
With any other gradient the length will be greater, but no matter 
what the gradient may be (assumed constant) the value of D will 
give the economic diameter for a pipe of uniform size extending 
between these limits of head and with t continuously varying with 
the total head at the given point. 

In the case of a varying gradient, the total line may usually be 
divided into a series of parts, each with a sensibly uniform gradient. 
Then by the use of the same equation (10) the economic diameter 
for each section or part may be found, using for E o the total head 
at the upper end of the section and for E the difference of head 
covered by the section. This wiU, in general, give as many different 
diameters as there are sections, continuously greater as wo go from 
the lower to the upper end of the line. 
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Case, 2.— Tapering Pipe line with t continuously proportional to 

The assumption of a uniform diamator of lino from 
one end to the other nocossarily implies a limitation in the march 
for the most economic of all lines. Tho resulting /> will iiicloedi 
be the economic value on this assumption, but it doos not follow 
that the removal of this restriction may not result in an economic 
result of still higher value. 

To develop the imssibilities of a varying diamotor lot ub wek 
to determine the economic value for an element of the pipe oxUuiding 
from total head (/7 «+//_) to (//„-}-//+ J//), whore 611 ia a amail 
(at tho limit) differential element of hea<l. 

In equation (10) the part played by here Ixw.omo.'t (//„ !-//), 
while H becomes AH. At the limit then (// ■( 2//„) bc»CJom«8 
2(Ha+H), and we have 

D- 1*2726 /f )} ^ ^ 

In this equation, H is, of course, to be taken aw a variable with 
values ranging from 0 to the value m in Fig. 123 at the bottcjia 
of the line ; or otherwise {II ^'+11) is to Iw taken as the total head 
at the given point, ranging from one end of tha lino to tha otlior. 

It is readily seen that this equation will givti, from eno oiid of 
the line to the other and for eorreaponding values of tha total 
head (Hq+H)^ a series of valuen of i>, increasing from lK>ttoiu to 
top. The value at the bottom of the line where {II ^4 ll) m t he total 
head, as in Mg. 123, will bo loss than the value givcui by oc|iaii.ti 0 n 
(10) ; while the value at the top, where {Il^ j-H) Immmm will 
be greater than the value by equation (10). 

By suitable investigation it may he shown that, for a section of 
uniform gradient, the ratio of the weights in the two twee is givaii 
as follows : 

.*414 

Where TF^rsweight of tapered pipe 
weight of uniform pipe. 

By a suitable investigation, it may also be shown that the ratio 
of the values of tho friction head in the two cases, and im tha 
same as for the weights. 

^It may also be readily seen that with these values, 
will each be less, respectively, than lFj_ and Aj, their valu« tecoiairi^ 
equal when £ir=0, that is, when the Hue Incomes horizontal anil 
in operation under the head 

Equation (11) gives therefore, in tha general case, an economic 
value of D corresponding to each value of thc^ total head 
from top to bottom of line. With a profile of tho lint Md clowii^ 
the distribution of D along the length is readdy detormined, ftixd 
thus aU characteristios of the line become known. 
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Case 3.— Pipe Line with Stepwise Variation in Thickness. — 

Actual pipe lines cannot be made with thickness of shell varying 
continuously with the head or with the product of head and diame- 
ter. They must rather be made with thickness varying in steps in 
accordance with the commercial materials available. Steel plate is 
usually obtainable in steps of one-sixteenth inch, and assuming 
such or similar steps it becomes of interest to examine the problem 
of the economic diameter of line with such a stepwise distribution 


of thickness. 

For any one element or section of the lino let 

^ —thickness of shell (feet} 

idL—length of section with constant thickness t (feet)! 


We have then, using the same general notation as before : 
X^^abTrDtcriAL, 

While Y has the same value as before with the substitution of 
AL for L. 

Treating these in the same manner as before for the minimum 


value of X+Y we find 

/ 32cm;F® \5 
^ (^66 a-fj 

(13) 

or with t4?=62*4 

/ cF® \i 



(14) 


It will be again noted that the value of D is independent of the 
element of length AL and for the same reason as in equation (10). 
It results that the value of D thus found is the economic value for 
this constant value of t, and from the lowest point where the head 
and thickness sustain the proper relation for strength, upward as 
far as this value of t is carried. 

Suppose then that #3, etc., denote a series of thicknesses — 
differing, for example, by inch or foot. Let Dg, D3, etc., 
denote the corresponding values of D found by (14-). Then the 
lowest point at which any given combination of i) and t wiU fulfil 
the conditions for strength will be given by the relation : 

w?D(J/+£r,)=288e<T (15) 

There will thus result a' series of values of H which we may 
denote by /fj, J/3, /J3, etc. Then being the thinnest plate, it 
appears that the successive sections of pipe will extend over ranges 
of head as follows : 

Dj, ti from H=^Hi to JJ=0 
Dgj h irom /J==il2 
D3, from to 

If for any reason h wore taken as the minimum thickness, then 

similarly the combination t% or D3, % would extend from 
or 1/3 to //=0. Otherwise it appears that beginning at the point 
where for example, the combinaitiQn Dg, will extend 
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upward as far as tlie thickness is carried. Naturally this wiU 
be only until the next combination 1 ^ 2 ? ^2 made available. 

In this manner the range of head is determined for each combination 
of D and t. 

With the profile of the line laid down, the lengths of section 
corresponding to these various ranges of head Hi, etc., 

are readily determined, and thus the line becomes known in all its 
characteristics. 

Influence of Variable Flow on Economic Size. — ^In the various 
cases of economic design thus far considered it is noted that the 
lost power is proportional to F^, the cube of the rate of volume 
flow. Hence in the case of variable flow the mean loss will be 
proportional to the mean cube of the variable rate of flow, or 
approximately to the mean cube of the variable power developed. 

If, therefore, we have given a curve showing the typical or 
accepted variation of flow through any unit period of time, as 
per day or week or month or year, we may cube the various ordinates 
of such a curve and find in any convenient manner the mean cube. 
This taken for F^ in the preceding formulae wifi, then give the con- 
ditions for economic design. 

General Comment on Economic Pormulee. — ^With reference to 
the various formulae developed above for the economic diameter of 
a pipe fine, there wiU result, in most cases, certain departures 
from any mathematical ideal as contemplated hy a formula. These 
departures arise chiefly in connection with the relation of the 
weight of the pipe to the defining dimensions D and t, also in the 
varying price per pound which may exist as between lap-riveted 
and butt-strap riveted pipe, also in the eflects arising from irregiflar 
profile and also in the influence on pipe line cost, of the specials 
required to connect together sections of different diameters. 

For these various reasons, any indication regarding economic 
diameter as given by formula should be checked with reference to 
the influence which such factors may have on the final values of 
the two terms X and T, and on their rate of change for a small 
change in the diameter of the line. 

Eeference should also be made to further reasons which may 
exist for decreasing the diameter of pipe toward the lower end, and 
quite independent of the problem of economic design. These are 
found in the increased difficulty of rolling heavy plate to circular 
form with increase in the thickness ; and also in the increasing 
difficulty of riveting up and handling extra heavy plates in the field. 
It is true that the difficulty in rolling heavy plate increases with the 
decrease in diameter as well as with the increase in thickness ; 
nevertheless, the thickness factor is on the whole the more impor- 
tant, so that while the decrease in diameter will partly offset the 
gain due to decreased thickness, there will result, at least within 
hmits, some balance in facility of fabrication for the reduced size of 
pipe. Again, while there is no absolute limit to the thickness of 
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plates which can be worked and assembled in the field, yet it is a 
well-known fact that the practical difficulties rapidly increase from 
1 inch or IJ inches upward. Broadly speaking, plates IJ to If inches 
in thickness are close to the limit of effective and satisfactory work 
in the field. If therefore the circumferential joints are to be riveted 
rather than fiange joint connected, it is desiiable to hold the thick- 
ness not to sensibly exceed IJ inches. But the thickness with any 
given pressure is directly proportional to the diameter. Hence by a 
suitable reduction in diameter at the lower end the thickness may 
be brought within an acceptable limit. 

Thus by way of illustration. Given a total static head of 1400 f . 
Then p=433x 1400 =606. Suppose that the use of equation (14) 
in this case indicates for the lower end of the’ line a diameter of 
60 inches with a thickness of If inches, and suppose that this 
thickness is considered undesirable and that it should be reduced to 
1-]^^ inches. This will correspond to a diameter of 52 inches. These 
values will not be economic, but may be considered necessary, due 
to the reasons noted above. The question will then arise as to what 
extent this departure from economic conditions may be compen- 
sated for in the remainder or in the upper parts of the line. 

A first approximation to such compensation may be arrived at as 
follows : 

The economic lower diameter is 60 inches with If inches thick- 
ness. Suppose the minimum thickness employed at upper end to be 

inch. Then the range of thickness is in the ratio of 5 to 22. 
Equation (14) shows that the economic diameters vary as the sixth 
root of the thickness. Hence the diameter range wiU be (4*4)^= 1*28 
and if the lower economic diameter is 60 inches the upper would be 
76*8. If then instead of an economic line with diameter tapering 
from 60 inches to 76-8, we substitute a line with taper from 52 to 
say 84 inches, thus giving approximately the same mean diameter, 
there will be an approach toward compensation and such a dis- 
tribution will give at least a first approximation toward the most 
economic Hne under the limitations imposed — a distribution of 
diameters which may be checked by one or two trial layouts on 
either side of that proposed. 

Determination of Thickness. — ^The thickness of the metal forming 
the shell of the pipe must be adequate to meet the following 
requirements : 

(1) The maximum static or steady condition pressure to which 
the pipe is likely to be subjected in operation. 

(2) Any excess pressure due to shock or water hammer to which 
the pipe may be exposed. 

(3) Collapsing pressure due to a reduction of the pressure on the 
inside to less than the atmospheric pressure. 

(4) Stiffness and rigidity and strength to meet such bending 
stresses as may be set up due to the action of the pipe as a beam. 

(5) Any reasonable special stresses to which the pipe may be 
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subjected as a result of expansion and contraction under tempera- 
ture changes. 

(6) Special stress due to distortion of the cross section of pipe 
from tfue circular form, or failure to roalizo this form as in- lap- 
riveted pipe. 

(7) The usual variations to be expected in the strength of the 
plates resulting from the accidents of manufacture. 

(8) Corrosion and wear, in order that the j>ipe may have a life- 
time of reasonable length and without a too rapid decline of the 
factor of safety. 

In order that requirements (3), (4), (8) may properly be met, a 
lower limit is usually placcxl on the thicknoss, regardless of the 
strength called for by the other requirements. This lower limit, as 
elsewhere noted, is usually not far from one-quarter inch. At some 
point in the line as C, Fig. 123, the thickness required to insure the 
necessary strength against internal pressure will be | inch. Then 
from this point to the upper end of the line the thickness is held 
uniform at this value, while from this point do%vn it is increased 
in accordance with the strength requirememts of the case. It must 
not be assumed, however, that a thickness of | inch will insure 
against ooUapse under external excess presBure. This will depend 
on the diameter. This thicknoss will, however, with the usual 
sizes, give a fair collapsing strength under a slight excess of external 
pressure and the air relief valve, as noted in See. 74, must be 
depended on to prevent any greater external excesB than can be 
safely carried by this thickness. 

Requirements (1) and (2) relate directly to stress resulting from 
internal pressure. In order to meet those requirements with due 
allowance for the others, as in all engineering work, it is customary 
to base the design on the load which can be determined with some 
degree of certainty and to include all other unknown loads and all 
margin of uncertainty in the so-called factor of safety. In the 
present case we may desim primarily with reference to require- 
ment (1) and depend on the factor of safety to provide sufficient 
margin for all of the other requirements and for the general out- 
standing margin of assurance desired ; or, otherwse, we may add to 
the pressure representing requirement (1) a certain amount, often 
taken from 50 to 100 (pi2) and representing requirement (2). The 
factor of safety need then include only the remaining items with the 
outstanding margin of assurance. 

With modem approved appliances .for controlling excess pressure 
due to shook (see j^c. 75), the amount to be anticipated should not 
bo too great to permit of merging with the other uncertain quantities 
under a fairly liberal factor of safety. 

The preceding remark regarding requirement (3) should no^ be 
here forgotten. The factor of safety is not expected to nec^sarily 
insure against collapse. It may or may not, depending on the 
thickness used. In a pipe under Mgh head it wiE undoubtedly be 
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thick enough at the lower end to withstand full collapsing pressure, 
but may not be toward the upper end where the thickness ap- 
proaches the lower limit assigned for the line. 

As a still further or somewhat different factor of safety, a constant 
thickness is sometimes added, as in Fanning’s formula for cast-iron 
pipe (see Sec. 58), in order especially to provide for numbers (7), (8). 

Assuming that all requirements other than (1) are to be covered 
by the factor of safety, it becomes of importance to inquire what 
values may be given to this factor. Experience indicates that 
values from (4) to (5) will insure a safe and satisfactory design. 
Furthermore, since the longitudinal joint is the weakest part of a 
riveted or welded pipe under internal pressure, the use of such 
factors of safety imphes actual working stresses in the longitudinal 
joint of from 12,000 to 15,000 or 16,000 (pi2), assuming normal soft 
steel plates with an ultimate tensile strength of about 60,000 (pi2). 
With a joint efficiency of e this will imply an actual working stress 
in the plate itself, along a longitudinal line, reduced in the ratio = e/1 . 



Passing now to actual methods of design we note first the 
formida from mechanics : 


pD=2teT 

where ;p==pressure (pi2) 

Z)= diameter (i) 
thickness (i) 

e=effici6ncy of longitudinal joint 
T=Qa>ie working stress in metal of joint (pi2). 
Transforming into terms of thickness, we have 

2eT 


(16). 


(17) 


But 'p=^wH, where H=hmd at the given point and t(;=433 = 
factor for transforming head of water in feet into pressure in pi2 
Substituting we have 


wHD 
' 2eT 


(18) 


It thus appears with fixed values of e and T, that the thickness 
will vary directly as the product ED ; or with constant diameter, it 
will vary directly as the head H. 

In selecting the actual thickness to be used, convenient use may 
be made of the diagram of Fig. 124. First assuming the diameter 
uniform, lay off the line OF to represent the head {H+H o) (Fig. 123). 
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OB is then laid off to represent the value of t at the lower end 
assuming an actual joint stress 12,000 to 16,000 (pi2) as may he 
decided upon. The Hne J5 reusing OF as a base, will then give the 
corresponding value of t at any elevation. At C this line runs intc 
the minimum thickness line AC^ which is laid off at the desirec 
distance from OY. The actual values for any given elevation will 
then lie along ACB. The indications of such a diagram may usually 
be very closely realized by commercial sizes varying by IGths of an 
inch. Such a diagram set up on the sheet with a profile of the line 
will indicate at a glance the lengths and locations corresponding to 
the various thicknesses to be used. 

In case the diameter varies, increasing from bottom to top, the 
variation will not be continuous but stepwise. The diagram 
corresponding to Fig. 124 for such a case will therefore show a 
series of steps as in Fig. 125, where three different values of D are 
indicated. 

To solve equation (18) for quick approximate values, a form of 



Fig, 126. — ^Layout of Thickness on Pkessube Head. 


straight-line diagram may be conveniently employed as illustrated 
in Fig. 126. In this diagram AB and CD are parallel lines with 00 
a perpendicular between them. The values of t in steps of inch, 
for example, are laid off on OB with any convenient unit. The scale 
for e is laid off similarly on OD, and for D on OG, Then OA becomes 
the axis of H and the imit of the scale will be given by the relation : 

_ (Unit of t) X (Unit of e) X *433 


Unit of jEr= 


(unit of D) X 2T 

Thus if 1 inch of thickness be represented by 3*2 inches on the axis 
OB, 100% efiBioiency by 5 inches on OD, 100 inches diameter by 
5 inches on OG, and putting !r= 16,000, then unit of i=3*2, unit of 
6=5, unit of i)=*05 and unit of .ff=-00433 or 100 feet=-433 inch, 
and the scale may be laid down accordingly. 

The diagram then fulfils the condition that any two lines drawn, 
as shown, and meeting on the axis 00 will fulfil the conditions of 
(18) and thus either one of H, t, e ot D may be readily found once 
the other three are known. 

In this general connection Tables XXVI and XXVII will be of 
value, the former giving the weight of lap-riveted pipes and the 
latter of double butt-strap triple-riveted pipes, each for various 
diameters and thicknesses of plate as noted. 

These weights are based respectively on 6-foot courses and 
8-foot courses, each with the usual allowances for overweight of 
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Fiq. 126 . ^Diagram for Determination of Thickness of Pipe Line Shele. 

Head H, xunt 1 foot. Diameter D, mdt 1 inch. Thickness f, unit | inch. 
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rolled plates, and include the calculated weights of the joints and 
rivets and a coating of asphalt.* 


TABLE XXVI 


Weights, in Pounds per Foot, of Lap-Piveted Pipes 


Diameter 

(inside) 


Thickness of Plates 

(inch). 



inches 

1/8 

3/16 

1/4 

5/16 

3/8 

7/16 

1/2 

9/16 

18 

33-9 

49-5 

64-7 

78-6 

93-6 

109-9 

126-7 

147-0 

20 

374 

54-6 

71-0 

86-5 

102-7 

120-5 

138-6 

160-7 

22 

411 

59-7 

77-6 

94-3 

112-1 

131-1 

150-9 

174-4 

24 

44*5 

64-4 

83-8 

102-0 

121-1 

141-7 

162-8 

188-0 

27 

49-9 

72-2 

93*7 

113-9 

135-1 

157-8 

181-0 

208-4 

30 

55-3 

79-8 

103-3 

125-3 

148-7 

173-5 

199-1 

228-8 

33 

60-8 

87-6 

113-1 

137-2 

162-7 

189-7 

2174 

249-4 

36 

66-0 

951 

122-3 

148-7 

176-5 

205-4 

235-4 

269-9 

39 

71-3 

102-5 

131-6 

160-3 

190-4 

221-5 

263-6 

290-2 

42 

76-6 

110-2 

141-8 

172-2 

204-0 

237-4 

271-5 

310-7 

48 

87*3 

125-3 

161-0 

195*5 

231-8 

260-3 

307-9 

361*9 

64 

98-0 

140-6 

180-2 

218-9 

2 69 ’2 

301-1 

344-1 

392-8 

60 

108-8 

155-8 

199-5 

242-5 

286-9 

333-0 

3804 

433-9 

66 

119-4 

170-8 

218-7 

265-6 

314-5 

364-9 

416-6 

474-6 

72 

130-0 

186-1 

237-8 

288-8 

342-0 

396-7 

462-8 

516-6 


TABLE XXVn 


Diameter 

(inside) 


Thickness of Plates {inch) 



inches 1/2 

9/16 

5/8 

11/16 

3/4 

13/16 

7/8 

116/16 

1 

24 

205-9 

230-1 

255-7 

279-6 

307-1 

360-3 

384-8 

426-5 

450-3 

27 

225-8 

263-2 

280-0 

306-7 

336-8 

384-2 

419-1 

464-7 

490-3 

30 

245-6 

275-3 

304-7 

333-1 

366-5 

416-6 

455-0 

502-4 

531-0 

33 

265-7 

297-5 

329-3 

359-7 

394-2 

450-0 

489-7 

540-3 

571-8 

36 

286-2 

320-7 

353-8 

386-4 

423-5 

482-9 

525-3 

579-4 

612-5 

39 

305-5 

342-3 

378-8 

413-8 

453-4 

515-3 

571-7 

618-6 

652-8 

42 

326-0 

365-0 

403-6 

441-0 

482-1 

547-6 

595-0 

665-8 

693-0 

48 

367-5 

411-3 

454-2 

496-7 

543-7 

616-7 

667-9 

734-3 

777-5 

54 

4074 

455-7 

503-6 

549-4 

602-6 

681-8 

738-7 

811-0 

857-9 

60 

446-8 

500-9 

553-8 

605-0 

661-0 

748-4 

809-0 

886-6 

940-3 

66 

487-6 

545-3 

604-0 

657-6 

720-6 

814-2 

879-9 

964-5 

1020-7 

72 

527-9 

589-4 

652-6 

711-8 

780-0 

881-0 

951-4 

1039-5 

1102-1 

5fC 

See paper 

by Mr. 

J. D. Galloway, ‘‘Trans. Am. 

Soc. E.C., 1916 

VoL 
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Thickness of Plates {inch) 



1 - 1/16 

1 - 1/8 

1 - 3/16 

1 - 1/4 

1 - 5/16 

1 - 3/8 

1 - 7/16 

1 - 1/2 

27 

524-4 

566-0 







30 

567-0 

611-9 

653-1 

686-4 





33 

609-9 

657-8 

702-5 

736-6 

776-1 

809-2 



36 

654-1 

704-9 

751-3 

788-2 

831-8 

864-9 

908-8 

949-9 

39 

690-3 

760-9 

799-2 

838-1 

884-1 

920-4 

964-8 

1009-9 

42 

739-3 

796-3 

846-5 

889-4 

936-1 

976-4 

1025-2 

1071-3 

48 

826-6 

891-2 

946-9 

994-6 

1046-9 

1091-6 

1144-7 

1195-9 

64 

912-0 

983-7 

1044-7 

1096-8 

1163-5 

1204-4 

1260-9 

1318-5 

60 

1004-9 

1076-1 

1142-2 

1199-6 

1261-2 

1318-2 

1380-9 

1443-7 

66 

1086-5 

1169-1 

1239-3 

1301-7 

1369-5 

1427-1 

1494-8 

1561-7 

72 

1171-6 

1260-6 

1336-1 

1401-7 

1473-5 

1539-9 

1612-9 

1682-4 


68. Expansion and Contraction in Pipe Lines due 
TO Changes of Temperature 


The well-known formulae of physics give us the following : 
Zr2=Z/i(l±a^) 

Where and are the two lengths, t is the change in tempera 
ture and a is the coefiS-cient of linear expansion. 

Taking t in Fahrenheit degrees we have for a as follows : 


Cast Iron 

Wt. Iron and Steel 

Brass 

Copper . 


•0000056 

•0000064 

•0000100 

•0000089 


It is often more convenient to take the expansion for Xi=100 feet 
=1200 inches and ^=100°F. This gives numbers 120,000 times the 
above, as follows : 


Cast iron . . . . *66 (i) 

Wt. Iron and Steel . . . -768 (i) 

Brass . . , . . 1-20 (i) 

Copper . . . . .1 -07 (i) 

As a closely approximate value we may take for steel pipe an 
expansion of | inch per 100 feet per 100 °F. 

In the case of an empty pipe, temperature changes of 100° are 
by no means impossible, especially in countries where the skies 
are clear and the sun bright. The total expansion of a line of 
pipe of considerable length is therefore a quantity requiring definite 
and careful consideration. Thus a line 1000 feet long will show a 
total expansion for 100° rise in temperature of approximately 
7-5 inches; for a rise of 50° only, an expansion of 3*75 inches, and 
otherwise in proportion.. 
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69 . Stresses in Pipe Lines due to Expansion 
AND Contraction 

^Suppose a pipe line of length L rigidly held between abutments 
so that it cannot expand. I^t the temperature rise t degrees, what 
stress will be developed ? We may treat this problem by assuming 
one of the abutments removed and the pipe free to expand, and 
then ask how much stress will be developed by compressing it at the 
higher temperature back to the original length. 

Denote the stress by T, Then by definition of the coefficient of 
elasticity E, we have 

AL T 

nr — = ~z=z — 

i E 

But 

Hence T=Eat. 

Inserting values for E and a for the four materials as above we 
have in each case an equation of the form, 

T:==Bt 

where B has values as follows ; 

Cast Iron . . 56 to 112 (higher values for lower 

Wt. Iron and Steel . 192 values of i). 

Brass . . . 100 

Copper • . . 140 

It thus appears, for example, that rise of temperature of 100 °F. 
in a steel pipe if held between abutments in such manner as to 
prevent expansion will result in a compressive stress of about 
19,000 (pi2). Similarly in the case of a fall of temperature in a pipe 
held between fixed anchors and prevented thereby from contracting. 
Precisely the same conditions "^l develop as above with the pipe 
under tension instead of compression, and the coefficients relating 
tension to change in temperature will be the same as above. 

In the case of riveted pipe with sections connected with circum- 
ferential riveted joints, the sectional area of the rivets in shear wiU 
normally be less than that of the pipe itself in tension or compression. 
Let m denote the ratio of the area of section of shell to the section 
of rivets. Then the stress which must be carried by the rivets 
(except as partly taken by the friction of the plates) will be m times 
as great as the T above. Since the value of m.may vary from 1*3 to 
1*5 it is clear that under extreme conditions of temperature change 
stresses may develop which wiU result either in the rupture of the 
circumferential joints or in straining them beyond the elastic limit. 
Similar conditions may develop with flange joints under tension. 

The relief of pipe line from stress when subject to temperature 
change is realized through some form of slip or expansion joint (see 
Secs. 49, 77). 
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70. Erection of Steel Pipe Lines 

The chief points involved in the erection of a steel pipe line are 
the following : 

(1) The supply of suitable provision for carrying the down-hill 
thrust of the line and for safeguarding the permanent connections 
at the lower end (power units, pump discharge, etc.) from undue 
stress or disturbance due to such thrust, before the line has finally 
settled into its permanent condition. 

(2) Safeguarding the line at all points against undue stress due to 
changes of temperature. 

(3) The proper support and constraint of the pipe at all points 
during erection and before all parts are completely assembled. 

(4) Hydrostatic test in sections of not too great length so that 
any weakness or faulty construction may be promptly discovered 
and remedied. 

Certain of these requirements are of special significance only in 
the case of pipes laid on steep slopes, as with power plant penstocks. 
Others are more general in character. In what immediately follows 
we shall have especially in view the case of steep-slope construction. 

The above various requirements in the case of steep-slope con- 
struction are usually b^t met by erection from the low^ end 
upward. Requirement (1) should be met by the provision of an 
especially strong and reliable anchor block capable of safdly carry- 
ing aU the down-hill thrust that can in any way be antidpated. hi 
addition, many good engineers prefer to leave out, between the 
lower end of the line and the permanent connections, a short fiange- 
joint jfiller piece which is not put in until the line is installed and 
has had time to settle into permanent condition. This filler piec^ 
may then be cut to the proper length and inserted in place. In 
any case, however, the anchor block should be installed between 
the hue and the permanent connections, as a means of absorbing 
all down-hill thrust and of shielding them from the stress which 
such thrust might produce. 

Req^nirement (2) will be met without additional features in case 
the design contemplates an adequate supply of expansion joints. 
In such cases, however, it must be home in mind that the pipe 
fixed at any given anchor block will push up the hill and draw back 
down the hill as the temperature rises and falls. Care should 
therefore be taken, and especially when the pipe is empty and in 
climates subject to wide fluctuations of temperature, to avoid any 
temporary constraint which might hamper or prevent such tempera- 
ture movements. 

In case the pipe, when exposed to the sun, can be filled with 
water, the temperature movements are greatly reduced, usually to 
a negligible amount. It is therefore always desirable to keep the 
pipe from the lower end upward filled with water as the erection 
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proceedB, both, with reference to the reduction of temperature 
movements and for purposes of strength and leakage tests as 
referred to below. 

^^Again, in cases where the pipe is to be buried or where for other 
:^ason expansion joints are omitted, the same care must be 
exercised during installation and while the pipe is uncovered, to 
keep the line filled so far as possible and to avoid hampering or 
preventing such movements as accidental changes in temperature 
may produce. 

Again, if for any reason a line without expansion joints is placed 
under complete constraint at two distant points and while still 
uncovered, special care must be taken to safeguard the pipe against 
undue temperature stress. FiUing with water will usually meet 
every requirement. If this is not practicable, temporary shelter 
from the sun may be necessary. These various special precautions 
regarding temperature movements are, of course, the loss necessary 
as the line between points of constraint is curved or provided with 
angles or bends. 

Requirement (3) calls only for the exercise of normal engineering 
judgment and care. The tendency toward movement under 
gravity or any other forces which may be involved, must be care- 
fully evaluated, and if the features of the permanent design are in 
any degree inadequate during the process of erection they must be 
supplemented with suitable means according to the requirements 
of the case. 

Requirement (4) calls for periodic hydrostatic tests. To this end 
there are required the following : 

1. Means for closing the section of line to be tested. 

2. Means for applying the test pressure desired. 

The lower end of the hne may usually be closed without difficulty. 
If it is connected through to permanent units, such as a waterwheel 
or pump, there wOl be an intervening valve, the closure of which 
will meet all requirements at this point. If it is not connected 
through to permanent units, the lower open end will usually bo 
provided with a flange. In such case a test blank flange should be 
provided, by means of which the lower end may be temporarily 
closed for test purposes and also for holding water in the line as 
installed, for reasons as noted above. 

In case there is an open plain end without flange, closure may bo 
effected by means of a temporary bulkhead (see Sec. 78). 


71. Piers and Anchors 

Pipe lines require definite points of support in order that the 
weight when filled with water may be carried without danger of 
seviom deformation through sag^g. Likewise at critical points, 
especially where changes in direction are made, and at intermediate 
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points on long straight grades (especially when steep), definite points 
of complete constraint or anchorage are required. 

Forms and Construction of Piers. — ^In modern engineering 
practice piers are commonly made of concrete, a 1 : 2 : 4 or 1 : 2 : 5 
mixture of cement, sand and crushed rock representing standard 
proportions. Where the pier is intended to serve simply as a 
support for the weight of the pipe it is usually made of sufficient 
width to embrace about one -third or sometimes nearly one -half 
of the circumference. 

Where several lines are carried along parallel and closely adjacent, 
the piers will naturally combine into a series of continuous concrete 
walls underlying the pipes at suitable intervals and formed with 
properly rounded depressions to receive ahd constrain the pipe. 

Due to expansion and contraction resulting from changes in 
temperature, the pipes must slide back and forth on the supporting 
surface of the pier. This slipping movement will be greatly facili- 
tated with relief of stress, both in the pipe and in the pier, by the 



use of some form of metal bearing surface. A convenient and 
effective form of bearer for this purpose is shown in Fig. 127. 
AB is a cast-iron ring formed to the curvature of the pipe and with 
a rib G on the convex or lower side. This rib is received in a groove 
formed in the concrete pier, and the ring AB is thus kept in place 
during the travel of the pipe back and forth. The friction of steel 
pipe on cast iron is much less than on concrete, and the pipe will 
therefore slip with comparatively small resistance on the surface of 
support. Furthermore, the slipping of a pipe back and forth 
directly on the concrete surface will tend to break off and crumble 
the pier at the edges DE, and in case an iron ring support is not used, 
the edges of the piers at D and E should be well bevelled away in 
order to save them from such action of the pipe. 

In the setting of piers in pipe-line construction, the point of 
primary importance is that of sub -foundation. The pier is intended 
to furnish a secure and dependable point of support for the pipe 
line. This cannot be realized unless the pier itself has also a secure 
and dependable foundation, either on bed rock or on hard pan or 
other stratum not liable to yield or shift or to suffer damage from 
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local wash. In the best practice the piers should be anchored into 
the sub-foundation (preferably bed rock) by vertical steel rods. 
Old railroad rails, or material otherwise possibly scrap, may often 
be utilized to excellent advantage in this manner. This anchoring 
of the piers into the sub-foundation is of special importance on 
relatively steep grades. Instead of anchoring the pier into the bed 
rock by steel rods, as above suggested, it will sometimes bo prefc^r- 
able to excavate into the rock and thus anchor the pier by pouring 
the concrete into the cavity, formed preferably with rough and 
overhanging sides. The entire question of the sub -foundation for 
piers and of the extent to which they should be tied or anchored 
into such foundation is one for the exercise of good engineering 
judgment, having in view the purpose of the pier and the local 
conditions applying to the case. 

ichors. — ^In addition to definite points of support, pii>e Hues 
require, at critical points such as angles and Y branches and at 
certain intervals on long straight grades, definite points of attach- 
ment or constraint. 

These are intended to furnish fixed points in the line for the 
anchorage of expansion joints and relative to which expansion and 
contraction can take place. Likewise they are intended to supply, 
especially on long uniform gradients, a suitable number of points 
of complete constraint relative to movement of the pipe in all 
directions. 

If In approved practice anchor blocks are mad© of ooncrot© of the 
same mixture as for piers, and preferably with sujBficient steel 
reinforce to insure strength and coherence under any stresses 
which can he anticipated. The question of sub-foundation is, of 
course, of special importance, and wherever practicable the anchor 
block should go down to bed rock or to an entirely dependable 
formation. Regarding anchorage to or into the sub-foundaiiori, 
the same remarks apply as in the case of piers. Hero, however, 
such anchorage should be considered as absolutely essential. In 
no other way can safety be assured against longitudinal movement 
under the stresses to wMch the line is subject. 

Special means must also be provided for securing the pipe to the 
block in order that the latter may fulfil its purpose. Such modes cif 
attachment are usually of two kinds. 

(a) A circumferential strap passing over the upper part of the 
pipe and secured by bolts or equivalent fastenings anchored into 
the block. 

(b) A projecting rib or flange, formed by an angle or T bar riveted 
around the pipe and bedded in the block. 

Very commonly the concrete of the anchor block is carried up 
and over so as to entirely surround the pipe. A strap as in (a) acts 
primarily to prevent lateral displacement. When properly designed 
and set up, however, it may also be depended on to give security 
against longitudinal movement. A ring or flange as in (6) acts 
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primarily to prevent longitudinal movement. If, however, the 
concrete blcck with suitable steel reinforce is carried over the pipe, 
the latter will operate as a band or tie, thus providing security 
against movement in both directions. 

In the design of anchor blocks, as with piers, much will depend on 
the local conditions and special circumstances of the case. The 
engineer must simply hold in mind the ultimate purpose of the 
structure, and then adopt such means as the conditions may 
indicate. 


72. Relative Advantages of Buried or 
Unburied Pipe 

In many cases, such, for example, as municipal water supply, 
convenience will require that pipe lines bo buried. In other cases, 
as, for example, a water-power penstock lino on a rock hill side, the 
exjxmBo of l>urying may bo practically prohibitive. In such cases 
the matter may bo determined by necessity and independent of 
quoBtions of relative advantage or disadvantage otherwise. In 
many cases, however, the conditions will bo such as to admit of 
either mode of treatment as may be judged most advantageous. 
The various points of advantage and disadvantage may be summar- 
issed m follows : 

Regarding all matters related to inspection, repairs, upkeep 
generally and length of serviceable life, the advantages will lie with 
the unbiiried pipe. Such linos may he readily inspected as to leaks, 
cjondition of protoetiva covering and condition generally. Repairs 
such as the calking up of lea% seams, are readily carried out. 
Repainting and general maintenancxi are also carried out under 
convenient conditions. Naturally all of thee© conditions, if taken 
advantage of, will make for the maximum sorviceahlo life of the 
line. On the other hand, the buried line cannot bo inspected or 
mpaired or repainted on the outside, and those conditions will 
naturally reduce the serviceable life of the line. 

With itfgard to stressi^s developed under changing tomperatums 
sncl the necessity of making provision for them by slip joints or 
otherwise, the ?idvantage lies with the buried pipe. M noted in 
fkn, 70 with the line continuously full of water, such stresses are 
commonly reduced to a negligible amount. But pipe lines must be 
imwatared from time to time for internal inspection or repair and 
under these conditions, if exposed to the sun, changes in length may 
develop with severe stross, unless such c^hanges _ are adequately 
accommodated by slip joints or suitably located bends. With 
buried pipe the line is protected from the direct action of the sun 
and the variation in temfM^rature of the pi|>e, even if not c.arrying 
water, will very much re<lucied. Under these condiilons ilu5 
developmd tinclc^r changcis of air temperaturo are usually 
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negligible, and the design will not therefore require the provision 
of special expansion joints, as in the case of unburied pipe. 

With regard to cost of laying there is no certain advantage with 
either side. The cost of ditching and backfilling will be saved in the 
case of the unburied pipe. Even here, however, a certain amount 
of ditching will be required in order to eliminate small irregularities 
in the ground. On the other hand, the cost of pier supports and 
anchors will normally be less for buried than for unburied pipe. 
Piers and anchors cannot in aU cases be dispensed with in the case 
of buried lines. Careful judgment will be required in accordance 
with the circumstances of the case. If the tr^ch is carried through 
a hard permanent formation, the requirement of support, as such, 
wiU be adequately met. .ichors for steep side hih work wiU, 
however, be required at points to be selected with judgment. If the 
trench is carried through soft uncertain formations, then both piers 
and anchors will be needed, distributed and spaced according to 
judgment. 


73. Protective Pipe Coatings 

The problem of the protective covering of steel or iron pipes is 
fundamentally the same as for aU iron and steel structures. \^ether 
open or buried, corrosive agencies begin immediately to attack 
unprotected surfaces and operate unceasingly to reduce the metallic 
wall of the pipe to the condition of crumbling oxides and metal 
salts. 

Such destructive agencies attack both the internal and external 
surfaces of the pipe, the former according to the possible chemical 
reactions between the metal of the pipe and the hquid carried and 
the latter according to the soil or earth formation in which the pipe 
is laid, alternations of moisture and dry-out, etc. 

The conditions vary somewhat according to whether the pipe is of 
cast iron or plate steel and whether buried or above ground. 

Cast-iron pipes a,re usually buried. There is no fundamental 
reason for this except that under the conditions specially suited to 
cast iron as regards pressure and type of service, convenience 
usually requires them to be placed underground. There is there- 
fore no opportunity for periodic examination and repainting or 
retreatment. Whatever is done must be done when the line is 
installed. 

Fortunately cast iron is relatively resistant to the attack of 
corrosive agencies and under normal conditions a life of twenty 
years or upwards may be anticipated. 

Any comprehensive treatment of the problem of pipe -line 
corrosion and its prevention is beyond^the purpose of the present 
work, and we can only note briefly the fundamental conditions to 
be observed in carrying out such measures. 
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The best protective coatings faU into two general classes — 
chemically neutral carbon or graphite paints and coatings of a 
bitumastic or asphaltic character. 

Where paints are applied the surface should be thoroughly 
cleaned of all scale, dirt, oil, or grease. A coat of red lead is then 
commonly applied as a base and the carbon or graphite paint over 
this. Especial care should be taken to secure the maximum of 
surface dryness as the paint is going on. Paint will not effectively 
adhere to a moist or wet surface. The careful cleaning of the surface 
is most important and the expenditure of a sum for cleaning, even 
approximating that of the paint itself, will be fully justified by the 
longer life of a coat of paint carefully laid on to a thoroughly cleaned 
and dry surface. 

In the case of bitumastic or asphaltic coverings, the most favour- 
able conditions are determined by a thoroughly cleaned surface, 
warm or hot liquid and a warm or hot dry surface. In the case of 
small pipe (cast-iron commercial pipe, etc.) the hot dip process is 
commonly employed, effectively realizing the temperature conditions 
indicated above. In the case of large pipe the covering must be 
applied by brush ; but even here, hot Hquid and a warm pipe 
surface are important aids in securing a closely adhering and 
effective covering. The best of such coatings when properly applied 
give a hard, enamel-like, closely adherent surface which will, for a 
long period of time, resist ordinary corrosive action. 

^AOl steel pipe lines, especially if buried, should be protected in the 
most effective possible way when installed. Especial care should 
be taken to see that the protective coating, whatever it may be, 
covers the pipe completely, that it is allowed to become dry and 
hard before backfilling and that it does not become abraded during 
the process of filling the trench. 

Steel pipe, if uncovered, should be likewise carefully painted or 
treated. In particular, care should be exercised to see that the pipe 
where it lies in the saddles is well covered, as also the saddles them- 
’ selves. The sliding back and forth due to temperature changes will 
inevitably abrade any coating which can be applied, but if the 
surfaces are liberally covered with protective material, the condition 
will be better than if left bare. 

Regarding the dipping process, it may be noted that cast iron is 
better adapted to this method than is steel. The looser texture and 
rough surface of cast iron seems better adapted to furnish a bond 
with the dip than is the relatively smooth surface of steel plate. On 
this account many engineers of experience prefer, for steel plate pipe, 
a paint coating, properly laid on as noted previously, as furnishing 
on the whole the best protection against corrosive agencies. I 

Where pipe is laid in concrete and where it is desired that the 
concrete and iron shall bond together, as in an anchor block, the iron 
surface should be left clean and unpainted in order tof permit 
bonding with the concrete. 
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74. Air Relief Valves 

III the oporation of a pipe Uno, conditions may ari«o wliich, at 
certain pointH, may drop the hydraulic grades line Ixdow the level 
of th(^ pipe ; nm Sec. 14. This means that the pressure within the 
pipe will be reduced below the atmosphere and dangc*r of collape 
of the pipe may result. To jirevent the development of such a 
condition or to control the subpressurt^ within limits, an air 
relief valve may bo fitted. This is, in effect, a form of safety valve 
opening inward and admitting air inside the piias tlnis prewimting 
the pressure from dropping below an assumed safe limit. In the 
examination of this problem there arc^ two main questions. 

1. What is the maximum drop in pressure which may l>e con- 
sidered safe in the ctiso of a pipri with given cliameter and 
thickness ? 

2. What aggregate area of air valves will be required in order to 
prevent the dtop in pressure exceeding this safe limit. 

The first of those involves simply the question of the strength of 
the pipe under an Qxcxm external load ; the second involves the 
hydraulic characteristics of the lino and the problem of the flow of 
air through the valve oj>oning. 

Regarding the strength of largo cylindrical pi|K^ against collapse, 
there is great uncertainty so far as direct exi>erimental c»vidcnce 
goes. Existing formula give the most wichdy divergent reaulte. 
It is well established, however, that the double thickness at the 
joints— lap or butt-strap— givt^s an added element of strength, and 
that a uniform pipe without such local stiffening rings would 
collapse under a lower pressure than acttual plpf'^ with such local 
stiffening furnished by the Joint doubling. Tiiking advantage of 
this fact, relatively thin pii>e is sometimes stiffened flirt hi^r agaliiit 
collapse by a riveted circumferential angle iron, in file iniddle of 
each length, thus furnishing a definite stiffening ring at- these fioiiiis. 

Among the various formula proposed, the folicnving by I/ive 
may he taken as giving an indication of the eollapiiiig pressure for 
long uniform tubes or pipe. 

419 ) 

p^presHure (pi2). 
thickness (i). 

D— diametesr (i). 

This formula does not take account of any support derived from 
the doubling at the joints, and hence actual pifs^ is likely to show 
strength ^cater than as indicated by the formula. The error, 
therefore, is likely to l>e on the side of safety. 

If IjOvo* 8 formula is takcni as primarily applieiihle when L/i>=6 
or more, and^if the colIa|Bing streiigtli for lei«f.ir viilii«i#i of L/lJ m 
taken as varying inversely as the square root of the length (all other 
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thingH tho Hamo), then an indication of the collapsing strength of 
pi|K) with angle-iron stiffening may he found as follows : 

m 

Pi=2-6p\/ jr, 

Whore p is the strength as derived from (19), D is diameter and L 
is length tetweon angle-iron supports, both in the same units of 
measure . 

Thus for illustration for <==-26 and D—50 we shall find p=8 (pi2). 

If, however, wo have angle-iron stiffening spaced at 100-inch 
intervals wo shall have •s/l)JIi='l and pj=l-76p=14-0 (pi2). 

Stretjgth against collapje is also affected adversely by any 
departure from a circular cross section. For this reason, other 
things equal, a pijw with lap-riveted longitudinal joint may collapse 
at lower prtwsuro than if of true circular section. 

Tliero is much netjd of further experimental data on the collapsing 



Htnmgt h of largo riveted steel pipes under external load, and no 
jiresent formula can be depended on to do more than give some 
indication of the probable load which such a pipe may safely bear. 

The mwond part of the problem, involving the hydraulic char- 
actoristies of the lino, together with the assumed emergency 
condition, includes a range of possibly variable quantities and 
conditions so wide as to make a general solution scarcely ^practicable. 
Typitjal cases wdll, however, servo to indicate the way m which an 
approach to a treatment of the problem may bo made. 

In Fig. 128 lot ABO denote a pipe line considered in two sections, 
A, L, m indicated. For simplicity we may take the diameter 
uniform throughout the length from A to 0. Tho necessary 
modification for variable diameter will be readily made by reference 
to Bee 8 

'Then from Chapter I (46) for steady flow conditions and with no 
air-valvo opening we shall have, for tho velocity in the lino : 

rJEi. 

V=\/ 1_ SL 

Oh 


( 20 ) 
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For the resultant pressure head at B wo shall have 

TT 1 


:-lh- 


A 4 


Now suppose that this value of v is one which gives a hydraulic 
grade line NDJ with pressure head at B, aa in ecjuation (21), 
meaHurcKl by BD below the atmosphere. 

Nt^xt supposes that it is desired to raise the premsuro head at B up 
to giving for AB a hydraulic gradient NDi instead of Nl). 
This luiw proHHure will then tend to reduces thc», velocity iti AB l>elow, 
and to raise that in BC above the original vi^locity v, 

I q denote the new pressure in tlie pipe at B and iij and the 
new velocities in AB and BO. 

Wo shall then have at B under the now conditions in Lj 

vT 2g O^r 

Whence (22) 


Whence 


2g^C^r 


Likewise at O under the new conditionB in B(J we 
just outside the nozzle or opcuiing, 

“1- ?*!. 

2 £r/“ 29 '/TO® ® C'V^i»^2sr 


hIuiU have, 


Whence 


2gf 2gfm^ ® C'V ' 

- - f- ‘"i:.:. 


2gfm^^Ch 


In this equation no account is taken of any loss of head risultiiig 
from the more or less abrupt change of velocity from ii| to 
With gs=p wo should find With q>p wo shall have 

v^>Vi and the difference in velocity must to made up by the inflow 
of something at B. If the something were water, the |irc>bk»rn would 
to simple. The amount of such inflow would Ima mc'afiiirt*d by 
(vg— Uj) multiplied by A^ the c.i* area of pipe, iitid it would only 
remain to provide suitable moans for securing the? inflow of wate 
at this rate. In the acttial case, however, air is the sutoiiittc^j the 
inflow of which is deiMuidod upon to maintain tlie preafiiire con- 
ditions desired, and such inflow is to be realizctcl aa n rimiilt of the 
di&mnm between the prcBsure of the atmosphere and that within 
the pipcj at the point B. The air thus drawn into the pi|>fi m iiii- 
c(q)tibio to volume (changes in accordance with the presauro changers 
bcdwcon thc5 atmosphere and within the pipe? at /I, and thoiica down 
the linc^ to the point of exit at O. The preseiiee of this variable 
element in the contents of the pipe? greatly eomplleato the |irolilem 
of pipe flow and renders analytical treatment excMMMlIiigly difficult, 
at least without some further experimental resiilti touring on the 
phenomena of such mixed flow. 
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In the abseiiee of any ready ba«iB for precise treatment, guidance 
may l>e usually obtained by neglecting the changes in the volumes of 
the air along tlio pipi kitwean B and G, by assuming the mixcul flow 
to l>e givmi by tlie same formuhn and c?oeliicients as for water alone, 
and in onicir to cover the divergence between such assumptionH and a 
more c^jcact hypt>thi^siH, by allowing a generous factor of safety. 

If thtm a is the aggri*.gate area througli the air valvt^^s and z tins 
inflow velocity, we shall have 

za— 

„„ 


or (25) 

z 

Where BtP is the sum of the squarcjs of the diametevrs of t.h(^ 
valves and I) m tlic diamot€?r of the line. 

The velocity z as a function of the difference in pr(5BHure kd^wcHui 
the atmosphere and witliin the pip(5 at B, is given hy Table X X VIII 
in which, however, the eoeflicieut of inflow or efficieney of th(5 valve 
considered as an orifice, is tirken at 0-60. We hav(5 Giuh at hand 
through equations (22), (23), Table XXVIII and (25) all require- 
ments for a solution of the problem. 

A numerical emmple will iHustrato the procedure. 

Given 115 (f). 

285 (f), 

800(f). 

4«1(KK) (f). 

4 (f). 

Thickness of plat<i at (i), 

Thiai from equation (19) it appears that such a pipe would be in 
dangesr of colIa|Mi under a subpressure of abotii 9 pcnmclH pt^r 
squares inch. 

Dft it be proposed to maintain the subpressure at 4 pounds per 
square inch as a safe margin. Then from Table XXVIII, with an 
inflow coefficient of *00 and at sea-level, the velocity of inflow tuidcr 
this heads=a509 (fg), 

Bup|M>8e that a ru,pture of the pijK5 at C or other emorgemey 
({oiitlition gives a discharge opeming equivalent to half the arc^a of 
the pipe and that the discharge coefficient / for the? opening may las 
taken at Assume also the Ch6zy coefRciont C=1 10. 

Thim in 4^) we shaR have 

/i«4<K) 

(P^no 

fissl 

BulBiitutiiig and reducing we find 

t?«42'02. 
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TABLE XXVIII 


Depression {pounds per square inch) 


Altitude 

feet 

2 

4 

6 

8 

0 

392 

569 

718 

856 

1000 

399 

582 

735 

878 

2000 

407 

594 

752 

900 

3000 

416 

607 

770 

922 

4000 

424 

620 

788 

945 

5000 

433 

634 

806 

970 

6000 

442 

648 

825 

995 

7000 

451 

662 

845 

1023 

8000 

460 

677 

865 

1050 

9000 

470 

692 

887 

1079 

10000 

480 

708 

909 

1107 


Velocity of inflow of air through air valve (fs). 

Coefficient of discharge / is assumed=*60, 

and from (21) for the resultant pressure head we find 
|=:-29-2/=-12-66 (pi2). 

If then we put g== —4 (pi2) or g/w;=— '9*23 (f ) we shall find from (22) 

t;^=39*00 
and from (23) t72=43*21. 

Hence Va—'yi==4*21. 

Then from Table XXVIII ^==569. 

Hence we have from (25) =17*05. 

569 


This would indicate a single valve about 4*5 inches diameter or 
two 3-inch valves. 

If this assumed condition were the most serious to be anticipated, 
then the provision of air values as indicated should be adequate. 
On the other hand, it is always possible that the entire lower end of 
the pipe might rupture out in such a way as to give an outlet opening 
equivalent to the entire c.s. area of the pipe. In this case we have 
m=l, and assuming/=l we should find in the above case t?=49*34 
and with this velocity, for the pressure head at B, 


^=-83-8 (f). 

If, again, the pressure is to be maintained at —4 (pi2) and the 
pressure head at —9*23 (f) we shall have for the same condition 
and value as before, viz. '^1=39*00, while from (23) we shall find 
^2=55*23. 


and 2^^ 


Hence 
16*23x2304 
"" 569 


=16*23 

=65*72. 
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Tills wcMikl irtdieiito, siiy, fcwd Cl-inc?h or thrc^c? 54 ih;1-i vifcl¥t'!«. 

SupiKisOt sgiMii, wci m f^mditiori lits iji Fig, 1211 whoro AB in 

a long Mill!, HUD ti so-eallocl ** iu verted sipliou and DM a rc^laiivcdy 
shert BiMititai. 

Hiip|M,i»i;^ coiiiplete riiptwre at (J m the most Horioiw poHsible mim^, 
Tfa^ eofiditioii of mluci^t! pressure? will develop quickly at /i, hut the? 
velocjiiy iq through will l>e slow in di?velapiiig due to the long 
length and time lag. We may then take m an extreme? ease? an 
lummmil velocity in of the original sk?ady motion value?, and 
for % in B(J the value? rc?»uiting from equation (22) aHHuming thc^ 
pressure at B maintained at tlie desired limit value? q hc?low the? 



atmosphere. We shall then have the basis for a determination of 
Ui and for the aggregate square of tfie diarneti?,rH for tlie 
air valves at B. 

Thus for numerical values let us take 



^21CKK) 



W 

CKK) 

Lt~ 

d(KK) 

//j- 


//,- 

.:.2tM> 


IdO 

//, 

:kKi 

/at M 

«90 


m at M on I 
qfw at B-^ —9*22 
C7(aie2yco<?i)-^dlO 

2(f). 

Then the overall length s-2^ICKX) (f) ami the ov^iridl head . -440 (f) 
and from (20) we shall find for the steady motion vc?loeity k?fo;re 
rupture, (fs). 

Then, after rupture at C7, we apply <?quation (22) to the eomliiiorm 
in Lf putting and /and rn-d. We thus iind : 

Then 224)2 


and 


2Mrzyjm\ 
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This indicates at B a single valve abeut B-B in diameter or two 
44nch valves. 

Again, at /) we shall have water !h>wing in direeiintis--» 
down DJJ to the discharge end and ih^wii IM."f to tin? of 

upture. In such cuise we shall have in ec|uation (25) the, iiiiiiierical 
sum of the two velocities insteiui of their difhireiic'e. Biippogo 
again the value of q at I) to maint ained at - 4 (pi2}. 

'Then adapting equation (25) to the conditions In aiici the 
diHcharg (5 at 0, assuming/ and m,'^l wo shiill have in tlic^ formuki, 
HK) for/Zg, 6(.M) for for t?| and —0*25 fcjr q/m. Whence we 

find 

Again adapting the same (equation (25) to the t^onditimiH in 
and the discharge.^ at 3 we Hhall havr^ in the fr»rtnula, SIMI for Up 
1(K)0 for mm for Vp —9*25 for q/Wy -11 for/iind 41771 for m, Wii 
then find 

The incoming air must supply tin? vc4ume CM>rn*spoiicIing to Imth 
of these velocities. 

Henoe we have f;^+*t?4^'2.4rel>7 
, 45-97 X 575 . . 

559 

This implies one 7-inch valve or iwcj 5-inch valves. 


76- Pressure Relief Valves and Breaking Plates 

These items of pi|Kohne equipment are intiinded to opirate i« 
safeguards against the development of an undue excess pn^^ims m 
a result of sudden valve movaraent under the viirioiis coridiiicins 
discussed in Chapter HI. Presiure-relltsf valves fall undiir two 
general elasBos according as tliey are inti^nded to op^rfiti*^ auto- 
matically, consequemi uiK>n a slight or limit rise iii pr«*ssiiri% or m 
they are attached to somc^ part of thc^ cont-rcil ineehioiisiii of li piwcr 
unit thus deriving their movemcait frcmi the tnoviitinuif,^ cif tfie laib^r. 
Valves of the latter tyfjo fall rather under t-he caif?gory of Iiyclriwilie 
power plant equipment and therMore liti k^yoiitl tliif «c:ojic of the 
present work. 

Valves of the former ty|K^ may to <.*cjii«iclf,irad » m ttorti of {ii{M^- 
line equipment and as such merit brhtf notice. 

While there are many typfs and structurai fornw of such vdlvt*# , 
their o|X)ration dcqxjnds on substantially the same basic? iiriiicipliii. 
Fig. EM) shows in diagrammatic form the cliiiracjteri»tici*5jif out cif 
the best of such automatic valves. 

The valve itself is moated undc-r a slight eEcess of prewiire clue to a 
difference in area between the valve and the bidanrn piiioii. Ilic 
main pipi line is ctmnected through a Hinall jiipi t<i the wjiiute iitider 
the 0 |>emting piston as shown. In this cfumectioiL not shown 
in the drawing, m a valve under the ccuitrol of a iiinidl pilot valve 
held normally olcmd under a Imlancc? of pressure Iic3iwi!i*ti the iiiaiii 



I 


MATERIALS, CONSTRUCTION, DESIGN 241 

pipe line and the expansion tank. On the arrival of a pressure wave 
along the pipe line this balance is disturbed, the valve in the pipe 
connection is opened and the excess pressure builds up under the 
operating piston, resulting in the opening of the main valve and the 
relief of the pressure. 

On the return toward normal pressure the pressure in the 
expansion tank will determine the return of the pilot valve, the 
closure of the connection through the small pipe and the resultant 
closure of the main valve due to the over balanee of area. Any 
desired degree of retardation in the movement of the main valve is 
secured through the adjustable by-pass connecting the two ends of 
the operating cylinder. 

All such valves depend for their operation on an initial rise in 
pressure, and the assumption of effective operation depends on the 



Fia. 130. — Axjtomatio Pbbsstjrb Relief Valve. * 


possibility of an adequate response to the initial pressure rise within 
the time permitted by the character of the pressure-time history. 
References to Chapter III will show the conditions under which the 
pressure rise may be expected to be abrupt in time or gradual. If 
the initial rise in pressure is sufficiently slow the operating parts of 
the valve may have abundant time in which to perform, each its 
function, and thus the effective operation of the whole may be 
secured. If, on the other hand, the case is one of very abrupt 
pressure rise, as in the case of the closure of a pipe line running with 
valve opening nearly or quite the full size of pipe and hence nearly 
on ‘‘ gravity flow ” (see Chapter III, Fig. 48), the rise of pressure 
just at the instant of valve closure is exceedingly rapid, constituting 
in effect a hammer blow, and no valve could be expected to operate 
in such time as to safeguard the line from such blow. 

* Under Patents of the Pelton Water Wheel Co. 


f 
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Too much dependcnicc nhould not tharafore ba placed cm such 
iiutomatio valvoB, and in particular their time eharactaristies of 
opc^ratiou Bhould be closely studied in connection with the probable 
time historioB of the pressure shocks which are to Ik) antici|>ated, and 
asBurance sliould be obtained that within the probable i>criod of 
|)roHsuro rise to the desired limit value there will bes time for the 
elfeciivc operation of the valve in relief of pressures k*yond such 
limit. 

Breaking Plates. — ^As a further safeguard in connection with the 
rapid rise of pressure du(i to water ram, the ujse of the breaking |)late 
should not be overlooked. This is a plate of appropriate area, 
bolted on at the lower or delivery end of the line, Hcnnewhat m a 
manhole cover-plate, but designod and intended to rupture? under 
an excess pressure well l>elow that winch the pi|.)o itself may be 
oxpooted safely to Imar. The area of the opening covertai by such 
plate may be preferably some two or three times the norde or 
normal discharge area, thus insuring an immediate relief of immmm 
consequent on the rupture of the plate. 

A first approjdmatfon to the design of such a plate may be mad© 
through equation ( 26 ) of Chapter IV, using for p the over pn»Bsure 
under which it is desired that the plati) should break, and for the 
denominator, values some four times those given for safe o|ieraiioiL 
It is, however, always desirable to have such design checked up by 
actual tost under the limit pressure desired, and in order to eliminate 
the uncertainties of aU empirical formukf and the unknown inftu* 
enco duo to slight variation in the physical proiMjrties of the 
materials employed. 


76. Manholes and Covers 

In order to permit of access to the interior of large pi|>e lines for 
exja.mination, painting, re-caulking, etc., manholes with cover plates 
are provided at occasional points in the line. The metal arouncl 
such a hole is reinforced by a suitable doubling plate with initer 
steel casting for cover-plat© joint. The cover is fitbid up and 
secured in place making joint agaiiist the iiincir siirface of the 
roinfc)r(?e casting, entirely in accorc&nw with the praetlcMi ffiiiilliar in 
steam boilers and winch nmd not be here dmTib<.*d in detail 


77. Expansion Joints 

The^ purpose of expansion joints has already been diiicmssecl in 
S(jCH. 69, 70. In the best practical a given section of the line whicli is 
to ki treated as a unit in the matter of expansion and con traction m 
stabilised at its lower or delivery end by a suitable anchor block and 
provided at its^ upper end with an expaiiilori Joint. Tit© pii^ tlieii 
creep up and down the slop or back and forth along the line from, 
the anchor block to the joint. 
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The characteristic or essential elements of an expansion joint are 
indicated in Figs. 96, 97. The mode of operation and general 
character of construction aside from full structural details will be 
evident from the figures. As noted in Sec. 50, such joints are some- 
times provided with guard bolts to prevent complete separation of 
the two parts of the joint in case of an extreme temperature drop. 

In all cases the special hydraulic forces which develop as a result 
of the introduction of an expansion joint must be carefuUy examined 
and care taken to provide the necessary support or constraint to the 
two parts of the joint in order to prevent separation under the 
operation of such forces. 


78 . Test Flanges and Test Bulkheads 

In connection with a program of test on large pipe lines it may 
become necessary to close temporarily an open end of the line. For 
this purpose a special so-called “ test flange ” is employed. This 
consists in effect of a cover plate, usually of cast steel, suitably 
ribbed or reinforced to safely bear the anticipated load, and 
provided with flange at the rim for connection to the corresponding 
flange on the open end of the pipe. If there is no such flange 
connection on the pipe it may become necessary to provide a 
corresponding ‘‘ companion flange ’’ and rivet it to the open end in 
order to realize the closure. 

The general manner of dealing with the problem of structural 
design in the case of such a test flange has been outlined in Sec. 53. 

It may also become necessary, in connection with the same 
program of test, to segregate out a special part or section of the 
line for individual test. To this end one or possibly two test bulk- 
heads may be employed. A test bulkhead is some form of structme 
built up in such fashion as to permit of location within the pipe, at 
the desired point and provided with means for deriving from the 
shell of the pipe the necessary support under the anticipated load. 
In the case of light pressures such a structure may be built up of 
timber and made tight by oakum calking or other like means. If 
the line is made up of in and out sections, support for the bulkhead 
may usually be derived from the end of the pipe section of smaller 
diameter. If of wood, the bulkhead at the rim would, in such case, 
need a metal plate reinforce in order to safely carry the load against 
the end of the inner pipe without crushing. If the pressures are 
heavier, some form of steel bulkhead will be preferable, fitted with 
an adjustable packing ring for making the joint against the shell 
and with hinged feet which may swing out and bear against the end 
of the smaller^ pipe or against a group of rivet heads, thus carrying 
the load. With the test concluded these feet may then be svomg in, 
the joint unpacked and the bulkhead removed or shifted along to 
the next location as desired. 
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In cases where the pipe is of uniform diameter on the inside, 
thus offering no convenient end for the support of the load, but 
where the pressures are "not too extreme, the bulkhead may be 
supported against cross timbers secured by wedging friction against 
the sides of the shell. The principle involved in this mode of 
support is illustrated in Fig. 131. AB is a heavy timber carried at 
A on a plate of steel as a local reinforce to the shell of the pipe. 
At B it rests on a plank cut slightly wedging. Under these con- 
ditions pressure against A would promptly dislodge the timber, 
while, on the other hand, pressure at B would develop the wedging 
action giving an end thrust at A and corresponding reaction at R, 
with conseq[uent friction grip on the shell of the pipe. The end B 
of such a timber is therefore a point capable of carrying a heavy 
thrust in the direction of the arrow. Four or six such timbers 
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Fig. 131. — ^Testing Bulkhead. 


spaced around the circle of the pipe will then give a series of points 
such as B, and from which, by suitable blocking or thrust timbers, 
the support may be carried back to the bulkhead itself. 

79. Pipe-Line Valves 

The general subject of pipe -line valves is too extended to permit 
of adequate discussion in the present work. It is indeed a subject to 
which an entire volume might well be devoted. No attempt will be 
made therefore to discuss the subject here, either from the descrip- 
tive or the design standpoints. 

Space may be permitted, however, for a few words relating to the 
importance of valve design and to the main problems which present 
themselves in this connection. 

The importance of a design which shall insure safe and reliable 
operation over a long period of time cannot be well exaggerated. 
There has, in many cases, been a tendency to design valves for large 
pipe-line work—valves up to 4 or 5 feet in diameter— simply as an 
overgrowth of ordinary small pipe valves and without adequate 
recognition of the severe conditions of service under which such 
large hydraulic valves are intended to operate. 

A large valve of this character must meet adequately the follow- 
ing major requirements. 
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1. The body or casing with its supporting ribs must be of suffi- 
cient thickness and character of design to insure, under the highest 
over-pressures to be anticipated, not only safety against rupture 
but also against any sensible deformation of any of the parts, such 
as might determine either leakage or binding and jamming of 
moving parts. 

2. Strength of moving parts and of operating gear adequate to 
close the valve under full flow of water. 

3. Bearing areas sufficient to insure operation of aU sliding or 
rubbing surfaces over long periods of time and under the highest 
pressures anticipated, without danger of seizure or abrasion. The 
proper selection and use of metals for the two parts of a mutually 
shding pair (as a valve gate and its seat) will aid in marked degree in 
the realization of this requirement. 

Pipe -line valves are made in three general forms : 

1. Gate or slide valves. 

2. Butterfly valves. 

3. Bulb or nozzle valves. 

These forms will all be familiar to those in contact with hydraulic 
work, and with individual interpretation the above conditions may 
be applied to all of these forms or types of valve. 

In particular it may be recommended to accept designs predicated 
upon the actual conditions to be met and carried out by those 
familiar with such work rather than so-called stock designs developed 
to meet, as a stock article, a certain average range of operative 
conditions, but frequently lacking in features which may have 
special importance for the particular problem in hand. 


80. Pipe-Line Fittings, Ys, Bends, etc. 

In accordance with the express purpose of the present work, as 
noted at the head of this chapter, no attempt will be made to 
discuss, in a descriptive manner, the various forms of pipe -line 
fittings. Brief reference has been made in Chapter IV to certain of 
the problems of structural design which may arise in connection 
with such forms. The material commonly employed in all large 
high-pressure work is cast steel, reinforced and ribbed as the 
characteristics of the case may require. 

In the case of all such large fittings, as in the case of valves, and 
especially under high pressures, use may be recommended of 
special designs developed by those familiar with such work rather 
than of any form of so-called stock or standard design developed 
without special reference to the peculiar conditions of the case in 
hand. 
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8t Physical Properties of Oil Affecting Pipe 
Line Flow 


Due to the greatly increased value of the viscosity of oils, as com- 
pared with that of w’ater, the problem of the flow of oil in pipe lineB 
presents certain special features which will be briefly considered in 
the present chapter. 

The general problem of the flow of viscous liquids in pipe-lines is 
included within that of the general problem of pijio line flow as 
discussed in Appendix I. 

For many pumping problems it may be convenient to transform 
the expression for pressure gradient, as in Appendix T, (4), into 
pounds per square inch per mile of pipe line. As defineci, the 
pressure gradient 0 is in pounds per square foot per foot. of lino. 
We have therefore to divide by 144 and multiply by 5280. W(% may 
also reduce D to inches by introducing the factor 12, thus giving 
finally ^ _440/a 

D 2g 

Where (?,,i=gradient in (pi2) per mile of lino. 
/=coefficient as in Appendix I. 
cr=density (pf3). 
i)= diameter (i). 
u= velocity in (fs). 


For any given case it becomes, therefore, necessary to dotormirie 
for the conditions of operation, the values of /a and a, thc5 viscosity 
and density, and thence to proceed as indicated. 

The density of oils is usually indicated by the so-called gravity on 

the Baum4 scale, taken at some standard temperature, usually 
60° F. 1 I . j 

In order, therefore, to determine the value of the argument 
Dvajii, the following information is required : 

(1) The diameter D. 

(2) The velocity of flow v, 

(3) The relation between gravity in Baum6 degrees and density o. 

(4) The relation between density at standard temperature of 60° 
and density at any specified working temj)erature. 
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(5) The value of the viscosity /x at the specified temperature, or 
if this is not knovm directly, such relations between viscosity, 
gravity and temperature as will make possible some estimate of the 
viscosity. 

With this information at hand both and a may be determined 
or estimated and thence the value of the abscissae Dvajii, Thence 
with due regard for the roughness of the pipe, we may assume a 
value of / and thence from (1) determine either the friction head or 
the pressure gradient per mile. 

Relation (3) is provided by the formula 


_ 8736 

“■-ISO+S 

where J5==gravity on Baume scale 
and cr= density in pounds per cubic foot. 
Relation (4) is provided by the formula 




121 - 2 -- 2/1 

2713 




( 2 ) 


( 3 ) 


where yi=density in pounds per cubic foot at 60° P. 
and 2 /=density at temperature t. 

This is an empirical relation which has been found to agree 
closely with observations on American petroleum oils. 

Relation (5) cannot be definitely developed simply because 
observation shows that the viscosity of oils is not determined by 
gravity and temperature alone. Viscosity apparently depends on 
the number and proportion of the various complex constituents of 
which the oil is composed, and on their physical states, as well as 
on the overall resultant gravity and temperature. 

Broadly it is found that viscosity increases with increasing 
density or decreasing gravity Baum6, and with decreasing tempera- 
ture. The relation of viscosity to gravity is, however, irregular in 
special cases and subject to occasional exception. 

With regard to the variation with temperature it is usually found, 
starting with a high temperature, that the increase of viscosity is at 
first slow, the rate of increase rising rapidly as the temperature 
drops. 

l^ofessor W. R. Eckart of Stanford University has pointed out 
that the relation between viscosity and temperature t when plotted 
on double logarithmic scales shows a close approximation to a 
straight line, at least over the working range of temperatures for 
which the liquid may be said to retain its identity. At high 
temperatures, the more volatile constituents will begin to vaporize, 
and at very low temperatures certain constituents may begin to 
solidify and separate’out, thus in either case changing the character 
of the liquid itself. Between these limits of temperature, however. 
Professor Eckart has shown’by|a large number of cases that within 
the limits of observational error the straight-line relation may, for 
aU practical purposes, be assumed to hold. 



248 


HYDRAULICS OF PIPE LINES 


It thus results that if the value of /x for a given oil is known for 
two temperatures, the logarithmic plot may be drawn as a straight 
line between these points and extended over the working range of 
temperatures, thus giving a direct and practical form of relation 
between viscosity and temperature, and specifically, the value of [jl 
for any specified temperature within the working range. 
r^Likewise in the relation between density and viscosity at a fixed 
temperature, there is evidence of a slow rate of increase of viscosity 
with density at low values of the density, followed by increasing rate 
with increasing values of the density. 

For numerical values we have the foUowing : 

A. C. McLaughlin* gives diagrams showing the relation between 
temperature F. and absolute viscosity for a series of American oils 
from which the following values may he drawn : 


TABLE XXIX 

Temperatures Fah. ViseosUy^ 

60° ... . -060 to -300. 


80° 

100 ° 

120 ° 

140° 


•040 to -260. 
•020 to -160. 
•016 to -080. 
•013 to -045. 


The densities of the oils to which these values refer range from 
56*8 (pf3) to 60 (pf3). (Gravity Baume 24° to 16° app.) 

From tests made by Cooper on 60 samples of California petroleums 
R. P. McLaughlinJ gives values for the relation between viscosity 
and gravity from which the following tabular values are derived : 


TABLE XXX 


Baum^ 

Gravity 

Lbs. per cub. ft. 
Desnsity at 60® Pab, 

Viscosity at 60® Pali.t 

Viscosity at 185® 

36° . 

. 52-6 . 

. *0040 



•00076 

34° . 

. 53*3 . 

, -0050 



•00090 

32° . 

. 53*9 . 

. -0070 



•00120 

30° . 

. 54*6 . 

. *0103 



•00160 

28° . 

. 55-3 . 

. *0145 



•00206 

26° . 

. 56*0 . 

. -0206 



•00260 

24° . 

. 56-7 . 

. *0280 



•00320 

22° . 

. 57'5 . 

. -0370 



•00380 

20° . 

. 58*2 . 

. *0760 



•00440 

18° . 

. 59*0 . 

. -2640 



•00650 

16° . 

. . 59-8 . 

— 



•01120 

14° . 

. 60-7 . 

— 



•02450 

12° . 

. 61-5 . 

— 



•14800 


* “Journal Am. Soc. Mech. Eng., 1915,” p. 263. 
t The units involved in these values are the poundal, foot, second, 
j “Journal, Am. Soc. Mech. Eng., 1915,” p. 264. 
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Ihe very rapid increase of viscosity with density will be noted 
for 60° beginning about density =57 and for 185° beginning about 
density =60. 

Prom a number of tests made on California oils Dyer* gives for 
oils of four different gravities values of the viscosity for varying 
temperatures from which the following tabular values are derived. 


TABLE XXXI 


Gravity Baume 
Density, lbs. per 

18°*2 

CO 

o 

00 

15° 

12°-1 

cub. ft. at 60° 

58*95 

59-59 

60-26 

61-48 

Temp. Fah; 


Viscosityt)^ 


50 

•7360 

— 

— 

— 

60 

— 

1 -0530 

— 

— 

75 

•2450 

•4970 

1-5670 

— 

100 

•1220 

•2230 

•3440 

— 

no 

— 

— 

— 

1-6610 

125 

•0670 

•0990 

•1500 

-6140 

150 

•0365 

•0490 

•0750 

•2110 

175 

•0242 

•0245 

•0310 

•1020 

200 

•0216 

•0220 

•0220 

•0510 


The above oils are noted to have contained about 2% of 
water. 

The numerical measure of viscosity is often met with in terms of 
accepted forms of viscosimeters such as the Engler, Saybolt or 
Redwood, or again it is not infrequently stated in terms of the 
metric units, centimeter, dyne, second, or again in terms of the 
more recently proposed unit the “ centipoise.’' 

Por the latter we have the following definition : 

One absolute metric unit (c.g.s.)=I00 centipoises. 

Hence to convert viscosity in absolute units into centipoise units, 
multiply by 100. To convert viscosity in centipoises into absolute 
units, divide by 100. 

To convert absolute metric units into absolute Enghsh units, or 
vice versa, we have the following relation : Viscosity (Enghsh units) 
=Viscosity (metric units)4-14*88 (poundal, foot, second) (dyne, 
centimeter, second). 

Regarding the various forms of viscosimeters, the following 


* “Journal, Am. Soc. Mech. Eng., 1915,’’ p. 269. 
t The units involyed in these values are the poundal, foot, second. 
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formul.!! will Borvo for transforming the intlications f»f tlwsp instru- 
monts into absoluto English units ; 


a 

a 

a 


-mmmmi- 


t 

mmi 

•(K)185 

. , . 


(Eriglor) 

(I-UkIwcxhI) 


-( 4 ) 


Whore /x— viscoHiiy in abBolute linglinh xmltM {|Mitiiidfib bicit, 
Hmond), 

a— ulonmty in |KnnidH per c’ul>ie 

on iriHirumont (Saybedt* Eitgler, lioilwnofi) 

(Hecondn). 

In illuHtration of the hho of the equations of tlii^ prewTit Hindion, 
HuppoBe wo have given m follow^B : 

Sixa of pipe , . , H (i)* 

Capacity per day . . 2 biMW)bbl«* 

Gravity of oil , . IK'" B. 

Average fomp(4ra<ure . KK^ Fnh. 

VimKiHity (aBHumod) . -12. 

Wi’s find (irnt t; • ■ 1*47 (fn). 

Th<ni from (2) dciiBity at F* * . f>h*P2 

and from (2) (lonnity at BK)^' F. ~ 5HdCK 

Wo then find the value of /4ro//i -1443. 

ThiB implies stream line motion an<I (H) of Appenriix I giv«*« a 
value of / about *0444. 

Substituting this in (1) we find the prenBure griwlieiit 44*1 
per square inch por mile of length. 

Again, if we Hhould take the oil of gravity HI" II. at Ilif' F. %%ith fi 
working temj'Hjratur^^ of about IHF F, and ii Vfilue of /ir -lft we 
Bhould find similarly a value of 1 IfIS, ii valim ui f iilKUii 4im 

and a proBHure gradient pounds pr «cfiifire iiicdi fif*r iiillo 

of length. 

Again, Huppone a lOdnch line with oil of gravity B. at fKf' F. 
and at an average working temia*raiurc! of 1 Bf' F, inid with a 
veIcKuty of 5 f(»et |><‘r hch^oikL W<^ may tfike /t alaiiit *011. W«* ilieii 
find as abovt*, for the density at 1 B)® F., a 

This given a value of •111114, implying tiirbiilf-iit flow laicl 

for commercially Hmooth pijKs a value of / alioiit *04 f.‘<ec Table, Ap- 
|Kmdix I). If B) fier cent i« added for a nlightly rougfieiit^rl 

* ymnwricml (umnUmtH in t-he Hfiyholi cqiiiitiififi f« flit» rm^rtfly 
«t.iiridfirdiaifwl forni and proportiorin of the 41if^ irwIiralhiiiK ill 

oarlior iriffinirncmta will not fjiiito agr«j iinwiig or mnh imy mm 

«ii of valneii. 1*110 vahioM for iho Uoriwo^id ifiwt riifiioiif fiOfii**ii}iiit hniM Wf4l 
fiitfibllihoci lliitii for tlio other two, B<hi U.B. Biiremt of Siwifliirtiw iti 

Faperi, Noi. 100, 112. 
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have /=*044 and substitution in (1) gives a pressure gradient of 
42*95 pounds per square inch per mile of length. 

Suppose again that we have a record of ^=1000 for the Saybolt 
viscosity of a given oil at 1G0° F. Then from (4) we have /x/or= 
•002368 and a/^=422*3. Again, if ^=4000 we shall have /a/a= 
•00948 and 0 -/)^= 105*6. If in the first case the oil is one showing a 
Baum6 gravity at 60° of 17*5 we shall have from (2) g at 60°=59*22 
and from (3) o* at 100°=58*31 and hence u at 100°=68*31 X *002368 
=•1381. 

From an examination of the form of the curve ABCD, Appendix I, 
it is clear that the conditions of operation should, if possible, be so 
chosen so as to avoid a value of the abscissa Dvajii at or just 
beyond the critical value. In the case of oil pipe lines the value 
will often fall close about this point. Obviously if the conditions 
admit of control they should be so adjusted as to give a value on the 
stream line branch AB, and as near the critical velocity as practic- 
able without actually passing the limit. This will insure the lowest 
practicable value of the friction head coefficient /. Decrease in the 
abscissa value wiU mean a rapidly rising value of / on the branch 
AB, while a slight increase will mean rapid rise of the value to the 
branch CD. 

82. Oil Pipe Lines 

In the sense here employed the term oil pipe line is intended to 
refer to a line for the transportation of crude or fuel petroleum oil 
in bulk from the wells to convenient rail or water shipping points or 
to refinery locations. The principles involved in the discussion of 
pipe-line resistance are of course entirely general. The descriptive 
matter and the suggestions for design, however, are intended to 
more directly apply to the case of large and long pipe hnes as above 
noted. Such pipe lines are usually of steel pipe of diameters from 
6 to 12 inches. In the United States 8 inches is a common size. 
Such pipe is made of thickness suitable to stand a test pressure of 
1200 (pi2) and with a safe working pressure of 800 (pi2). The pumps 
for handling the oil at the pumping stations are quite commonly 
made to meet the same pressure requirements, the number of such 
stations being determined by the capacity and size of the line, the 
length and the topographical characteristics. 

The influence of viscosity on oil pipe line resistance has been 
noted in the preceding section, also the dependence of viscosity on 
temperature. To reduce the viscosity, especially with heavy oils, 
heaters are commonly employed, one at each station and often one 
intermediate between stations. 

The station heaters are commonly formed of closed steel cylinders 
provided internally with headers and tubes through which the oil 
usually makes two passes on its way from the receiving tank to the 
pumps. The exhaust steam from the pumps passes between the 
headers and tubes and raises the oil to an initial temperature 
ranging usually from 125° to 150° F. 
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Tho hoaterB UBod Ixitweon HtaiioiiB coiiBint of a }>y-piii4s manifold 
of 4-iuch pipoB lying at right angloB to tlio main liia\ ofton 21M1 or 
250 fo(^t long, and with hoadorn bo arranged that, the oil out. 

and back a distance of 4(K) to 5(K) feat thrmigli ddncli pi|>ea. 
Thoso pi^ms are carried in a brick chamla^r or fine iiloiig which 
passes thei hot gas from a furnace at one and, burning oil drawn 
from the line through a suitablo redtudng valven Witli the prmmim 
suitably reduced an atomizing burner of tht5 ustiiil ty|M? may Imi 
employed, giving with suitable air control a ncmrly HinolodcHH ccuin 
bust/ion, the gasses from whicdi piiHs along th(» flue as iiIhjvi! noted. 
By t,heH(^ means the temjK^ratura of the oil may \m raiHcd hoiuc^ 'III 
to 50*' F. at these midway points. 

The pumps commonly used arc of two tyiws : (1) direc-t acting 
duplex plunger with tandmn compouiui or triplt*u*x|>iinHion 
steam cylinders, and (2) the crank and fly^vlwnd, phing«T fitted 
pumping engine with cross eDmj>o«nd or triplieexpanHicm Ht,eaiii 
c;yHridc?rs fitted with Ckirliss valves. Th(^ design ihrc^ughoiit muHt b«s 
exceptionally strong and rugged and the proiKirtitins siicdi t lint with 
a steam pressure of 135 (pi2) at the Imilers an effective piiiiijiiiig 
pressure of 8(H) to KKH) (pi2) may nuilizcHl. Ilic plung«*rs are 
usually from 0 to 9 inchc^s diameter l>y ak)ut 30 inches sf n»ki% ! hose 
for dircuit acting pumps ranging largiT tlian thone for tin* flywheel 
typo. Such pumps will handle about 1000 hbls. of oil |mt hour, tlii* 
flywhecd tyiw at a somewhat high(T mmiln*r of sf rokes mintite. 

Th(s economy of thes flywheel ty]H! is jiiduriilly su|H»rir*r to fliiil of 
tho direct acting, but the latter are fmtrni novomiiry for stuffing the 
oil in a long line after a shtti-down. The st4iady ilirecl I hruHt wliir*li 
can Ik) roalizfKl by the direct-acting pump is hiund iiiucfi I»ett4»r 
suited to overoome the rc^istanett of a long line of i*oId nil in stnrting 
from a condition of n^st, than the effort clerived from a fuiinji ol f lie 
(;rank and fiywhc*4d typ<.5. In this comiection it may tJiaf. ii 

condition of rest is always avoided hc» far as possibks i*c|M*ciii!ly witli 
cold weather or with heavy oil. In fact, theeoiiibiiiiifif#ii of the two 
may render starting up from a stafi! of rest extremely diilicnilt if not 
impossible. It is therefore a principle of o|:Miriiiioii ilifit. nnr.i* tlie 
(jolumn of oil is in motion it must Iw kept riiciviiig iit nil fiir/iirfL, so 
far as it is humanly possible to realize siicti end. 

*rh(5 conHiru(*i;if»n of an oil pipe line offers but feW' jsiints eiillirig for 
H|KH?iaI comment. The line is usually pliieed uiidergroisiid to it 
great4t-r or Umn depth dejsmding on ilm fiiunfji'nittire e,i»iidiliiiiif4 iilong 
the line. The joints are of the screw*c«lliir ty}»% iiwiiiilly witli 
sfiecial design so far as lenglli is eoneeriied in tirder t.« iiwiire ii 
tights jruni nndcT the high pressures employed. 

Protei'tive centerings or coatings ari^ eriiiployi*ch roiisistiiig tisiiiilly 
of biiiilitliie i^nameds or hot asphfditirii followed with n wruppiiii of 
poling piifter, which Is again mmiod ii«p!iiilli.itii. Ueiif.* 

insulating (mverinip to rc^duce thii lo«i of liimt from tliif i.iil wciiilfi 
lie dasirabla, but cannot uauaHy Justifificl cicoiitimicilly. 


OIL PIPE LINES 


253 


The line is commonly tested by pumping water through under 
pressure from the station pumps, the line being carefully inspected 
in the meantime for leaks at the joints or flaws in the pipe. 

Expansion joints are used to some extent, though not as much as 
good design would seem to indicate. Without such means for 
accommodating the variations due to changing temperatures, the 
stresses developed must be absorbed in the line itself ; and, as 
noted in Sec. 69, this may cause serious stresses resulting in leaky 
joints and trouble. 

The serious effect of low temperatures and consequent increased 
viscosity' on pipe-line resistance, especially with heavy oils, is 
shown by the changing capacity of pipe lines dependent on the 
operating conditions. Thus an 8-inch line in California is stated to 
have had its capacity of 25,000 barrels per day with medium oil in 
summer reduced to about 3600 per day with heavy oil in winter. 

The capacity of an 8-inch line is usually taken from 20,000 to 
30,0Q0 bbls. per day when working under conditions not excessively 
severe regarding temperature or gravity. Similarly for a 6 -inch line, 
which is usually worked at a pressure somewhat higher than the 
.. 8-inch, the capacity is commonly taken from 12,000 to 18,000 bbls. 
per day. 

83 . Design of General Characteristics of Line 

The factors which enter into the determination of the general 
characteristics of an oil pipe line are the following : 

(1) The diameter of the Kne. 

(2) The length of the Hne. 

(3) The physical properties of the oil to be handled. 

(4) The capacity of the line. 

(5) The pressure to be realized by the pumps. 

(6) The topography and profile along the proposed location of 

the line. 

(7) The distribution of the pumping stations. 

Very commonly the first six of these are known or assumed and 
it is required to find the last, the most suitable distribution of the 
pumping stations. 

We shall outline briefly the steps whereby this problem may be 
readily investigated. 

Conditions (1), (3), (4) will serve to determine the frictional 
resistance and hence the pressure gradient due to friction along the 
line from station to station. 

If the physical conditions of the oO. remained uniform throughout 
the run from one station to the next, the gradient would be a 
constant and the hydraulic grade line would be straight and 
inclined at the constant gradient value. Due, however, to the 
faUing temperature, the viscosity and with it the friction coefficient 
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/, 'will hIid.w constantly changing valm^s, and hi*nco a gradient 
changing with progrtjss along the line. The hydraulic graclc line Ih 
thon^forc no longer straight, but curved. 

If data are at hand p(irmiiting an asHumption of the |>robiihic* 
tem|K5raturo dintanco history, that is of th(^ probable^ avi*riigt* 
teinpcratimi for each mile of run, the eorres|Kinding gradii^nts inity 
1)0 didcrmined and thus for any given distiincu? tin? rcHulting 
hydraulic grade lint) determined. 

In some cases the so-called logarithnne decrement law for 
relating temperature change to distance has been used. This in in 



Where ^^--^initial temperature of oil. 

^-temiKsrature at distance x. 

^temperature at distance 
ff ^^temperature of earth or air surrounding pi jK». 

X -any distance along line. 

Xjsaa known length of run for which in known or 
assumed. 

Hence if we know, in any given case, the length of run x, the 
final tem|)eratum at this point the initial teni|M?ritiiire I and the 
temiwaturo T, we may readily dek^rmine, on tins hypotliesis, a law 
for temi}erature change with distance, and determiiie the hydnudict 
grade lino acconiingly. 

So long as the conditions of flow are either contlnufiusly 
line or continuously turbulent (Bm diagram Apfsindix 1), ffillitig 
temperature and increasing viscosity will n?«ult in a eoiitiiiiiourfy 
increasing value of / and a continuously «tee|ier iind 
gradient. If the conditions should change durittg tlie run frorn 
turl)ulent to stream line flow (as may readily the ciiniid tltt? vnliicii 
of / may show first an inere-asa, MIoweil ny a siiddeii in 

passing from one eondition to the other, and tlicii folli>wiul by a 
contiruiouH increase for further ccK>ling under stream line coiicliliotui. 
The actual form of the grade line will Im% thcrefori*, iiiorn or lew 
complex, de|)ending on the history of the coriditiciiiii of llow^ iikifig 
the Ihie; 

I'he use of such a grade line, once clelerrniiic*d, will to l«»t 
illuHtrated by an example. Aswume, therefore, cliiiii ns follows : 

1. Biametor of line : 8 (i). 

2. tongth of line : 144 

3. Bemsity of oil : Baum6 gravity 18. 

4. Capacity of line : 27,(KiCI bbls. psr day. 

5. ft^ure of pump : 8W(pi2). 
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In Fig. 132 let XX be a base line on which are laid off linear 
distances along the pipe line. Then at suitable intervals, and from 
the topographic data, altitudes above an arbitrary datum are 
erected. In this case we take station 0 as the datum and thus 
derive, as shown by the curve, a distance — altitude history OABC. 
. . . Note should be taken that this is not a profile in the more 
usual sense of the term. It is not a history of altitude on horizontal 
distance, but a history of altitude on linear distance along the line. 

We next find ^=5*03, and then based on the best estimates which 
can be made regarding the temperature history with distance and 
regarding the variation of viscosity with temperature, we obtain by 
equation (1) values of the pressure gradient for successive miles of 
run. Suppose for illustration the first three of such gradients to be 
4:9*5, 50*0, 50*7 pounds per square inch. Then the total head used 



Fig. 132. — Oil Pipe Lute Design — Graphical Construction. 


will be 49*6 for one mile, 99*5 for two miles and 150*2 for three miles. 
In this manner we may prepare a continuous history of total pressure 
drop on distance. It will next be convenient to transform these 
pressure values into head of oil in feet. To this end we may use an 
average value of the density since the variation of density with 
temperature is relatively small. With such values we then plot (to 
the same scale as in Fig. 132) the hydraulic grade line on stiff paper 
and cut out as a template. Let PQB denote such a template 
covering a total pressure drop PQ of 1000 pounds, or about 2500 feet 
for the case in hand, and a total distance PB of 16 miles. The total 
head furnished by the pump is 800 (pi2), or about 2000 feet head 
of oil. We then place the template with head scale vertical and with 
the 2000 foot point on the head scale (counting downward from Q) at 
the home station 0. The grade line QB intersects the distance- 
altitude line in A and at a distance from 0 measured by At 

this point and for this distance it is clear that the height through 
which the oil has been lifted is measured by Xj^A, wliile the head 
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used in pumping the given distance is AL. The sum of these make 
up K^L the total head available from the pump. The point thus 
determined gives therefore the location of the next station beyond 
0. We next transfer the template to A as starting-point and repeat 
the operation, thus determining the successive points E, C, D, etc., 
and thence, the locations of the stations Kz, etc.* 

When we pass the crest of the hill and descend as from D or on, 
we shall have a total head available made up of the head due to the 
pump plus the head due to the oil, and the head used in friction will 
then equal the sum of these two. The same procedure, however, will 
determine properly the location of the station as indicated for the 
run from D to E. 

In this manner we continue throughout the length of the line, 
finding in this case the last station at /, or not quite at the end of the 
line. This imphes, of course, a shght readjustment of values, either 
a slightly higher pumping pressure or a slightly lower velocity or a 
higher general temperature for the oil. Some readjustment may 
also be required in order to avoid undesirable locations topographi- 
cally for the pumping stations. Such readjustments may involve 
extra heater provision, or the use of a larger pipe, or of a double line 
for a certain distance. These various problems of secondary adjust- 
ment do not, however, involve any new hydraulic principles, but call 
rather for the exercise of sound engineering judgment in the light 
of all the factors bearing on the problem in hand. 

If the effect of changing temperature is neglected and an average 
temperature assumed, leading to a single value of the pressure 
gradient, the grade line will become straight and tho template of 
Fig. 132 will become a right-angled triangle with the grade line as 
the hypothenuse. The general program of use is naturally the same 
as for the template of Fig. 132. ^ In the case of oil of low density 
(high Baum6) no heating may be required, and the temperature 
will remain substantially uniform throughout the run. In such 
case the hydrauhc gradient naturally becomes a straight line, with 
procedure as indicated above. 

There are many other points of detail which will arise in con- 
nection with studies of this character, and the present chapter is 
only to be considered as a brief sketch of the hydraulic principles 
involved and of the general mode of treatment through which they 
may be effectively applied to the problem. 

* In the diagram of Fig. 132 the scale is naturally very much reduced. 
In dealing with an actual problem such scales should be employed as will 
insure the degree of accuracy significant for the case in hand. 
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GENERAL THEORY OF PIPE LINE PLOW 


Til® phfinomena of pip© line flow will obviously depend on tho following 
fiMstors, or ©anditions defining the eircurnstancc^s of tho case : 

Diameter of pipe denoted by D 

Density of liquid ,, o m 

Velocity of flow „ v 

Viscosity of liquid „ /x 

Length of pipe „ L 

Character of pipe gurface. 

From the flrst four of tlie above detormining characteristics there 
will result : 

ProsBuro gradient required to ovorcorn© 
resistance to flow, or otherwiso, the 
loss of preHsuro per unit length due to 
resistance to flow, denoted by G 

From Q and L will result : 

Total loss of pressure head in line, denoted by ./i 

Thu theory of dimensions applied to the. problem of pipe lino flow 
shows that there must Bubeiet between these quantities a relation of 
th© form* 

^ <ru* (Dv(t\ 

) 

where f denotes some function of the quantity {Dvcrlfi). 

This equation takes cognimnee of all factors in tho problem except 
the character of the pipe 'surface. We have, moreover,^ for character 
of surfiM^e or dcfgroe of ’ roughness, no definition nor unit of measure, 
and hence tho influence duo to this factor must remain to be allowed 
for within the numerical values of the function ^(Dvcrjfi). 

With O known we have then, for the total loss of pressure head m 
the line : 

12 ) 

cr 

In th© above equation the viscosity fi is th© so-called absolute 
viscosity defined by 'the equation B-«fJLvjz, where E is the force opposing 
th© motion of a plane of unit area lying very near and moidng with 

• S#© among other refarenoes, Buckingham, “ Trans. Am. Soc. Meoh. 

Bag./'* Vol. xiXVII, p. 263 . 
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If, then, in equation (1) t complete solution of 

mined this equation would give , j -uy tlie quantities repre- 

of pip© siarface. ^ 4-1^^ a Wmulse to those more commonly ©’^P ^y® 

i.?yXtSS'p~SS. 1 «.y «>• <«”’>'* '“■ ■ 

f r. «* (3) 


^ D 2g 


equating the values in (2) and (3) we have 

^ /-iT T. o,» 

h= 


D2g 


G 


Jo‘«* 


• W 


Combining this with (.1) -we find 
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till) same unit. W© shall assume here, however, English units used 
throughout, feet, pounds and seconds. 

We have, therefore, in any specific case, to take the values of D, 
I?, u and ft and find the value of (Dvoljx\ If, then, we know or can 
ostimato the value of the function for this value of the argument 
we may multiply by and thus find the coefficient / in the 
faiailiar l>arcy formula. If desired we may then readily find the 
€h&y coeffieient O from the relation between / and G as developed 
in Sec. 5. 

Now experiments with smooth brass and steel pipe made with 
such diverao substances as air, water and oil, agree in giving for the 
relation between / and (Dvcr/ft) a curve of the general form shown in 

Fig. 133. 

The part of the curve from AtoB corresponds to the so-called pure 
stream line or irrotational fiow. In this mode of flow there is no 
turbulence or eddy formation and the paths of the liquid particles are 
smooth, open, straight or gently curving stream lines. The part of 
the curve from O to D corresponds to turbulent or rotational fifw. 
In this mode of flow the liquid is turbulent with eddy formation and the 
paths of the particles are curving, twisted and contorted, as may 
result from the accidente of the turbulent flow. 

Experience shows that the transition from one mode of fiow to the 
other occurs abruptly at or near a so-callod critical value of the abscissa 
[Dvaffjt.), It appears furthermore that this critical value is commonly 
found between 2000 and 2500 as indicated in the diagram. Further, 
m shown by tho form of the curve, the transition from stream line to 
turbulent flow is accompanied by a sudden increase in the value of 
the ordinate /, followed later by a gradual decrease with further in- 
creasing values of the abscissa. 

it appears further that for stream line flow the pressure gradient G 
mrlm directly with the velocity. Reference to equation (1) shows 
that this requires a form of relation 

where A is a constant. 

D \DvoJ 

That is, ih© form of the function <p must be simply the reciprocal 
of til© atecissa (Dva/ft). Hence from (5) we must have for this case 




If. tfien, w® denote the abscissa (Dvo-//^) by x, we shall have 

x/ i?) 


This equation shows, therefore, that for pure stream line flow the 

curve is a hyperbola determined as in (6). 

A^ain, experience shows for turbulent flow that the gradient O 
varies ne^ly with the square of the speed- The index for ordinary 
v^am of the abscissa and for ordinary degrees of roughness of pipe is 
„. ».Hy found slightly loss than 2, often close about 1-86. For very 
rou^ pipe, however, and as the abscissa increases, the index ap- 
preaches «k»e to tho value 2. It is instructive to note, so far as tho 
value of the atecissa is concerned, that tho approach to tho index 2 
is nearer as /> is greater, as e is greater, and a is greater and as ^ is 
loss. 
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At the limit, when we mny asiume O to vary tm ti*, w© sli&ll Imve 
from (1) 

<p sr. coriBtai it- 

That is, the curve CD will reaeli and inainiain fi» fi iitraight 

line parallel to the axis of X and giving an ordinatc! ec|iifil to / for thii 
limiting condition. 

It therefore appears that the curve Op mmt he ^coiiiiitlerccl 
gradually approaching the hormmtal as a limiting conditloii, at wliiclj 
point we shall have and C/cwii*. 

In Table XXXII are given Vfdues of / for various vidiicM^of tli® 
abscissa {Dvalyi,). Between abscissa values 2CK) to 2iHH) ificliiaivi* tli# 
values of / correspond to the branch AB reprtwenting streiirn line flow. 
These are derived from the hyjierbola 

(/) (l>valfi)«m2gK^M, {See (7)). (8) 

Intermediate values are readily determined from the ec|Uiitioii. 

From abscissa value 2500 upward th© values corrwpond to the 
branch OD representing turbulent flow. 

These values of /, which are closely accurate for such widely diviirte 
substances as air, water and oil, are derived from ox|>erii«orite cm hrmB 
or smooth steel pipe. 

Regarding the influence of rouglintiss on thesis vid»c*ii, it iipfiearii 
that for Btroam lino flow the character of thi:i surfiici* of the plfMt 
to have but slight influence. On the other hanti, it does litwi a iliriiet 
and important bearing on the plierKunena of turbtdcuit flow, it rimulta 
that the values of /, or of f{Uvalfi) within the? itniiyii iiim phiiifii, ar© 
practically independent of rouglmcss, at leant no far as alreiim line 
fl.ow prevails- There is, however, some evidence tliiit the critical 
value for rou^ pipe occurs at smaller values of thii 
than in the case of smooth pipe. On the other hiind, for tiirbulont 
flow the values of / or of f(lJvafiM) vary In marked degree with wnigli- 
ness. Referring to Fig. 133 which, m not4Ml, shows the results for 
diverse substances with vturying diarmfii^rs and velocities, Imt all 
with smooth pipe, it is found for rough pipe that the curve boyoiid the 
critical velocity is of the siune general fonii as for iirnwitli but, with 
increasing roughness, located hlglicr and higher awl with iiic'reiMfing 
approach to parallelism with the axis of absciiiiift. This iippriiiMdi of/ 
to a constant value implies, as previously iioti^d, a rorrf»|«inilliig 
app^roach to a law of variation of 0 or / with the sf|iittre cif the ii|ii‘f*d. 

For ordinary iron or stool pifsi, plain or galvaiiir4*d, arid with varying 
degrees of roughness as mot with in octuiil priirtii'c, the vdliici of / 
will range between those indicated in Table XXXII for gmcMith or 
new pipe, up to values 50 to 100 |tor cent p*cfitcr for very rcitigli and 
pitted pipe surfaces. The influence due Uf rmghimm mtmU ihitrcffirt, 
ba allowed for according to judgment and in ac^cordsneit with ilia 
observed or assumed condition of the «urlw?e.* 

For values of the absctsfia close alKiiit the eritif^al utato, 2500 to 2000 
or lower for rough pipe, the values of / will Iw very unrortafti, du# 
apparently to unsteady conditioiii of flow Involving ilio irregular 
foraoatioii and disappoiumneo of #ddi©» and turbuloac©/ 

• Compare also discuMtlc* ©I vaJo^ of / ia Bm, 7. 
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Th© entire fold close about th© critical value needs further examina- 
tion, G^specially as to the dependence of the critical value upon roueh- 
ii«s of pip© and, possibly, density of liquid. 

It should b© noted that in all usual cases of handling water, at least 
on an ©ngineormg scale, the conditions are such as to determine 
turbulent flow. This is readily verified by substituting usual numerical 
values m the al^cissa {Dvalfx), On the other hand, with many liquids 
handled in industry (oils, syrups, etc.) the conditions are frequently 
iuoh as to determine stream lino flow. 


TABLE XXXII 


Almoissa 

/ 

.Abscissa 

/ 

200 

*3200 

14,000 

-0292 

400 

-1600 

16,000 

•0280 

000 

-1067 

18,000 

•0271 

BOO 

-0800 

20,000 

•0264 

1,000 

•0640 

25,000 

•0249 

l,20() 

•0533 

30,000 

•0238 

1,400 

■0457 

35,000 

•0228 

1,600 

, -0400 

40,000 

•0219 

1,800 

-0355 

45,000 

•0213 

2,000 

-0320 

50,000 

•0208 

2,000 

-0442 

60,000 

•0200 

3,000 

•0426 

70,000 

•0195 

3,500 

•0412 

80,000 

•0190 

4,000 

-0400 

90,000 

•0185 

4,500 

-0390 

100,000 

•0180 

5,000 

-0382 

150,000 

-0168 

6,000 

-0364 

200,000 

•0158 

7,000 

-0350 

250,000 

•0150 

8,000 

-0340 

300,000 

•0144 

0,000 

-0330 

350,000 

•0140 

10,000 

•0320 

400,000 

•0137 

12,000 

-0304 

450,000 

•0134 


Values of Coefficient / on Abscissa (De(r//x) for smooth 
brass and steel pipe. 


It must not b© assumed that the values of / in Table XXXII for 
turbulent flow are the least which may be obtained. It is simply a 
qucwtiofi of smoothness of surface. I^ese values, as noted, refer to 
what may b© termed ** commercially smooth pipe. It is possible 
that ipecially prepared or treated surfaces might show somewhat 
lower values ; and, in fact, there is some evidence tending to indicate 
aorntwhat lower values in th© case of water in new cast-iron pipe, 
aapimitum dipped. The tabular values are to b© understood as applying 
to all mmm of what may b© termed ** commercially smooth ** surfaces, 
and thus form a general datum from which th© ©fleet of roughness 
may b© estimated - 

For the general problem of pipe line flow with any fluid whatever 
for which the density and viscosity are known or are determinable, 
il m therefor© only necoBsary to And, for the conditions of operation, 


262 


HYDEAULICS OF PIPE LINB8 


the value of the argument Dva/fi, and thence* guided by judgrrieint 
according to the factor of roughnoBB, to select a suitable value of the 
coefficient /, and thence as in Bee. 5. 

In Table XXXIII are given values of /x the abstdoto viscosity for 
water at varying tein|>oraturoB bc?twe<3n 0 and 100 or 32 to 212 F,, 
likewise values of the density for the same tem|Hfr»ture riingits. It 
should bo cssjioeially noted that* with all other facti^rs the Kfuiics, the 
value of thcj abscissa {DoalfjL) will vary inversely with the riitic» fi/a. 
For handling water under wddc?Iy varying teni|wature eonditioni* 
therefore, the influence of the latter on thii value of «hould 

be allowed for in selecting the most appropriate value of /. 


TABLE XXXIII 


Ahmhite ViBOomty ami Demity of Ifafer 


Tmvmnium 



(X 

F. 

fl.. lb.. 8«. 

fl^. lb. 

0 

32 

*001204 

62-42 

5 

41 

*001021 

62-42 

10 

50 

•CHK)S7i 

62-41 

15 

50 

•000766 

62 • 3H 

20 

68 

-000673 

62-33 

25 

77 

•000601 

62 -211 

30 

86 

-00053B 

62 -n 

35 

05 

•000486 

62*08 

40 

104 

•0(HM4i 

II I - 111 

45 

113 

•000402 

III -86 

50 

122 

■000360 

61 *70 

55 

131 

•00034CI 

■tlM>4 

60 

140 

•000315 

61-37 

65 

140 

• 000203 

«l - 20 

70 

1 58 

•000273 

§1-02 

75 

167 

•0CMJ256 

ill -83 

80 

176 

•000240 

«fl • fl4 

85 

185 

•000225 

fill 44 

00 

104 

•000213 

ill *22 

05 

203 

•OOOiOl 

ifl-00 

100 

212 

•OOOlil 

ii'7ll 
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EXPRESSION FOR F CHAPTER III IN TERMS OF v, AND e 

ImTKAn of ©xproBsing F in a form directly dependent on the quantities 
m and /, it will aomotimos bo more convenient to have its vmue m a 
form dopendont rather on some steady motion velocity together with 
tho ratio of the actual opening m to the opening Wo for such steady 

PuTtho ratio m/m<, -e. Then we may assume values of e, 8«ch as 

1-0, *0, *8, *7* *6, otc., without knowing or aBSumingw or Wo iii^iviauaiiy. 

From 114 wo have 

•••• I') 


2p/^ CV 


Using tho above value of min terms of m,> and e wo have 


M 


_.JL„+A 

2gfeHnt‘ C'r 


But from Chapter I equation (46) we readily derive for the present 
, rt T 

I „ (4) 

2fi/Wo» Vo’ C’r 
Hubitituting this in (3) wo find 

"-•[.•v-Cp-Oo-J 

and putting this in (1) we have finally, 

(as)* 



Wo may then assume that there is some m„ which 

’ 0 !%“" SsrSoTalTtirrhen represent va^es 
it the equalione above and from (C) with v. and e the value of F is 
rwadily found. 
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Propodtian: In any hyciraulk* m rtnifatniiig 

in motion, and whom tho dimoriHionB am rtiieh that wo may nogloot 
the weight of the water m Hur*h. the foroe mtiilion of tlio wator on 
the system will bo given by the veetor mmi <if t.lie following 
of forces : 

(а) Tim total prossimm over the itleal mu^iknm bonsHiiiig the iiy«tem 
or olernant, reckont^d from without inward and coirilaned tm vrrUtm. 

(б) The sum o! the momenta |w saconci at iiifhrw and laitfifiw, tliii 
former taken direct and the latter mvarscMl and ail coiribiniici m verhtri. 

This proposition may be established as follows : 

a>nsider the hydraulic system of Fig. 91 f*mriprising i%jniw A I) 
with water dewing through, entering at the seetioti A U iind clii«dm,rgiiig 
at CD, Let p*, Ai, p*, At be res|Mic*ii\^ely the |iriiihtirr% triilority 
and area at those sections. 

There enters the system in unit of tinui the %*ohiiii«* /l|i’| witli velorily 
Ui, and hence the momentum tedji.?j*/f/ directed along the line of flow 
at A IL Tliere leaves the system in the mmm unit of t inn* the nautienluitt 
xvA^v^jg directed along the line of flow at (H)» lliere ii-i priidii«:i!d, 
tlierofora, per unit of time, a certain cdiange in rnoifif^riluim ^ Tliiit is* 
under steady how, there is prtaluced in mmmH-km with tliia sysiem 
a steady rata of change of mornentum. 

But a change of momentum in evidence of the o|*M»ri4tioii of ii fnrre, 
and the rate of change is thc^ mcastjrc of sindi forrr% lieni'e lliere 
be in operation on the water, forctis or syslifiiis of frirci*» u( wliicli the 
resultant will be measured by the riit4i «if cliiingii of nmtmmimn prci" 
dut!od. 

Wo now ask what forces or systf^ms of forces mn m*t on the mniw 
contained within the enclosure ABC IK First, consicli-fiiig tbiil iIp*! 
element is sulMantially in one plane or that iin diiiierisions lire micli 
that wo may neglect the iniuence dim to llii* weight of the mwtitr 
itself, WC3 may diMisify the remaining forces m folio wn : 

L The end lorcas p^Ai and p,/lt acting fruiin witlic#tii inward find 
normid to the ideal sections /!| and /tf. 

2. The direct force reaction bettveen tJie iiiiiiir mtrhmtm td tli#i In- 
closure and the <;ontain(?d water and esliiiiiitcd front tlie liirlwiir© to 
the water. 

Adding now the rate <if change of mornetittiiii tin Ihti llitrci force 
systcmi involved, wo have 

3. The rate of changf) of moment iiin produced hmiwmm /III «id CIK 

Then as wo iiavo seen* system (3) will l#e ii of Ilii* 

of (1) and (2). We may exprf*«» this by iho vector iir|ii*l-bii i 

where Sf, S\ and 5* denoio the thro© «f itoms of iim&m. 
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Then by transposition we have : 

Now with the system S^, let the entering momentum be denoted 
by Ma and the issuing momentum by Mb* Then in a vector sense : 

St^Mb—Ma 

and — (ilfft —Ma)—Ma-\-l—Mb)* 

This shows as measured by the vector sum of the momenta 
per second at inflow and outflow, the former [Ma) taken direct and the 
latter (Mb) reversed: 

Furthermore — means reversed : that is, the force reaction 
from the water to the inclosure. 

But this is exactly what is wanted, and the above analysis therefore 
shows that this is measured by the vector sum of 8% and ( — ) /Sj, and 
these are made up as in the statement of the proposition. 

The proof is readily extended to include the case with any number 
of points of inflow and any number of outflow. 

If the dimensions are such that the weight of the water cannot be 
neglected, we must then add this as a fourth system acting vertically 
downward through the centre of volume of the element. Denoting 
this by /S 4 we shall then have as the vector equation for this case : 

This equation expresses (--) 8^ (the force reaction desired) as the 
vector sum of three vector systems specified and defined as above. 
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ECXJNOMIC DESIGN 


Ik the eaBo of all c^arriem of energy in itii varioim friniw,^wli<?ilif*r pipo 
lin« 3 B for water, Bteam or air, or metal linoK f«»r eleetrieily, the wime 
fundantontal probloni of economic denign prtj,iient« itfielf. 

Broadly speaking the annual mut ehiyrgeiihle against iiieh a line 
arises under two heads, 

1. Fixed cliarges proportional generally to investment or to first 
cost. 

2. Operating costs, resulting from the aiinua! opr»rating pmip’am. 
Let X and Y denote respectively thesti twt> classes of mni iind u 

the total. Then ^ ( I j 


Now in general it will result tliat a cdiange in tlie sir.e of the «*arrter 
(pipe or wire) will affect A'* and F in op|K»sito diri^ctiona. Tliui an 
increase in th(^ siswi will incrcaHO the cost luid hcnci? the charges 
while it will decrease, in general, the secondary losses (frictitiri or 
oloctrical resistence) and thus df^trease the ci|M»riiting ccisiti fm the 
same energy carried. 

Similarly a decrease in the sisii'i of thi3 carrit*r will |ircid«cc cliangiii 
in the opposite direcftion. It thus rt^sult^ that there may w^cli lie Romti 
value of the mzo of the carri<!r for which tiic loti-il cost A ¥ will lai ii 
minimum. To investigate sii<?h a |>ossiluiity wc prticccil in iistiid 
manner. Thus let x denote in giuieral difinict4*r or sifAo llicii W'li 


have 


also 


du 

dx^ 

dht 


dX d Y 
^ dx * 
d F 

'dx* 


m 

m 


For a maximum or minimum dff/ix»0 and heiMM'i 


dx dx 


m 


Likewise for a minimum, dhi/dx*- m ponitivn In 
These general conditions are indiimted gcioniiitriciilly in Fig. 134, 
wlaore XX and YY denote the general chiiriw^tifr of lli# ciirvci for X 

and F plotted on x or nim. 

Then the condition of equation {4} may lie fiiit into worfl« i» follows ; 
A maximum or minimum value of u tvill he fouiicl for tip* ^ml«c of 
«, for which the slopes X an<l F are niimcricnlly the itiiific, hut op|s-miiit 
in direction. This will lie at some I’mint A m the lairvrs of dhigriim. 

Again,^to determine under what conclitioris this point will corrc«|ii#iid 
to a m.inkiuiiti we Imv© only to inqiiir© » to the iigit of cI*m iix\ 
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Till? iiigii Ilf ci*jC/^k* or d*Yldx^ in determined by the direction of 
mlAtioii Ilf tli« tangent for increaaing x. This will be 4- for counter 
riitidiori and — in the inverse case. In the curves of Fig. 
1.14, t'liiiviix k) the axis of it in seen that in both cases as x increases 
tlie^ tanKf*iit to the curve will rotate counter clockwigo. lienco both 
tPXidx* iiiici iP Y/dx^ are 4- and the sum will bo -f, and hence d^ujdx^ 
will 111 * filiis and the |)oint determined as the sum of will 

bo fi iiiinifiituii. If either of these linos is straight, the second derivative 
m timh but that of the other will bo 4 and hence the sum will be plus 
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and the |»oint dotorminod by (4) will give a minimum value. The 
reacifir will readily extend this analysis to forms which are concave 
to the axis of x and which will correspondingly determine a maximum 
for til© sum of X and F . 

In idl uiiial cases, however, in which pipes or wires are used as 
carrMiw of ©norgy, one or both of the curves will be convex to the axis 
of » and henco the (condition of (4) will determine a minimum. 

Mm to the actual determination of the point A, various methods are 
o|»fi* If ih© two curves are plotU^d individually, an easy trial and error 
test will sorvci to find the points P and Q on the same ordinate where 
tlifi ilopi i« til© same but in opposite directions. 

Again, the aurn of X and Y may be plotted, as indicated in the curve 
ilU, and yi# minimum point determined by inspection. 

Again, from (4) we have 


Hetice if F and X are taken as the axes, or otherwise if w© plot 
I on F, the vaiues of X and F which will produce the minimum value 
of tt will b© where the slopo of the resulting curve is 135'', or whore it is 
45* with the liorizontaL See constrtMitidttdn dotted'-lineB. 
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Am rtiM«f v&Iveg, 234 
Ailbvi'g fonituls for excom prossur© 
dycj to w»t4ir-rftm, 15 i 
Ariglei mid Ijmidi, lo«s of heat:! due to, 
23 

B 

Bklla 8I», loss of head duo to con- 
traotion, 20 

iiiifidi luul iuiglon, iofji of liead duo to, 
23 

llnfiikiiig plakii,240 
llrightmoro, lorn in elbows and 
bonds, 26 
lIulkl'MMMlis, 243 

Ihiriifd anti uniniried pipe, relative 
luivantagoi of, 23 1 

C 

CAnKiHci of riveted neami, 202 
Oapwity, general formula for, 3S 
round piiHi running partly full, 
311 

Catidroii pifH3, 192 
0ii/?»y conitebnt, practical values of, 
8 

coefliciiint values from ship re- 
sistance exfierimenta, 15 
formula, 4 

Cliurch’a solutions surge chamber 
problcim, 69 
■C’oiii miircial jii jmj , 191 
Concrete ( reinforced) pipe, 211 
Coriiimclioiii, 190 

€oiitriiC!tion, abrupt, l«» of head due 
to, 19 

Cross sifctbn of pipi, distribution of 
viilticiiy over, S2 
mtmn velocity over, 33 

1) 

I>AiiCiY‘» formula, 7 

llavii, Iona in tilbows and bends, 27 

Iteftiity of oil, 247 

iJHiifii, 211 

of oil pipe lines, 263 


Diameter of line, economic size, 212 
Differential surge chamber, 83 

E 

Eoonomio design, general principles, 
205 

diameter of line, 212 
Elbows, loss of head duo to, 23 
Electric welding in lieu of calking, 203 
Energy of flowing stream, 1 
Engler viscosimeter, 250 
Entrance, loss of head at, 1 8 
Erection of stool pipe linos, 227 
Expansion, abnipt, loss of head due 
to, 19 

and contraction in pipe linos due 
to temperature changes, 225 
joints, 242 

Exponential formula, 6 
F 

Fifth powers of numbers, 17 
Fittings, pipe lino, 246 
Flowing stream, energy of, 1 
Free surface flow, 44 

G 

Oeadient, hydraulic, 35 
Gravity of oil, 247-260 

H 

Head, friction, 2-30 

friction in pipe mad© up of 
sections of different diameters, 

10 

loss of, 2-30 

loss of, general resume, 29 

total, 1 

Hydraulic conditions in riveted pip© 
lines, 201 
gradient, 35 

J 

Johnson’s formula surge chamber 
problem, 73 

Joint, cast-iron pipe, 192 


HYDRAULICS OF PIPE LINES 


iJ70 

Joints and ooanoctions (stool pipo), 
20S 

Joukovsky’s formula for oxeoss 
pressure due to wator*rain> 1 54 

K 

KmcHLiNa and Smithy ioss tlirough 
valves, 22 
Kuttor's forxnuia, 5 

L 

TjABNER's formula surge chamber 
problem, 74 

Loss of head at entrance, 1 B 
due to angles and Iwnds, 23 
duo to friction, 2-30 
duo to obstruction, 20 
due to sudden contraction, 10 
due to sudden expansion, 10 
general roHam6, 20 

M 

Manholes and covers, 242 
Materials, 100 

Morriman's fonmila, loss duo to con- 
tnwtion, 20 

O 

OBsmyOTXOH, loss of head due to, 20 
Oil pip© linoi, 246 

P 

Faint for pipe lines, 232 
Hors and anchors, 228 
Fip©dine ooimocting two rwervoiri, 
47 

flow, general theory of, 257 
Piping systems, 51 

Power delivered at discharge end of 
line, 60 

Pressure relief valves, 240 
Protective coatings, 232 

li 

Hankine’s formula, loss due to 
ohitnicticm, 21 
liadwood vi*cf»imeter, 250 
lifdief valves, 234 
lii voted joints, calking of, 202 

joints in slw^t steed pipe, circum- 
ferential, HH) 

jointi- In sheet st<*el pipe, longi- 
tudinal, IM 

pifMj linei, hydraulic conditions 
in, 201 


H 

^AYiiOLT viicoiiiriifit«r, 250 
Hohoder, io»» in idlwwii iind IkuhIi, 2tl 
Bhofk, see H4 

Hrnith, IlittnilUui-cw-lllciiuitii, 12 
Btewly flow, gcm^fiii I'lrobltun of, 41 
HttM-d (shof4| pipe, 104 
Htrt«t«s in c'-oniliiriidioiifi cif or 

iilbowii with Joifiti, 

174 

in connections and lllting'i, 184 
in oxpiinsion joinln, 173 
in flat pi Hies, lH7 
in joint liiitoiiiiigi, flaiigci, 
ifUn, Ihh 

in long pipe wntli fi|«ui r*iidi 
earfied in slip Jointii, 170 
in supporting ribii, I H7 
Hinmmm in pi|m lirif^a, I fill 
combined, 1 80 

dun to aiigkifi, b*iwl« arid fiiliiigs, 
nil 

dtio in bonding moineni in s|iiui», 
IHH 

duo to cxpiiii«ion mill rcirn 
triM'tion, 220 

incliidifiM IoimI tlw* to wtdicht of 
pi|Mi fireloiipuil. with roiiliiiiicd 
wat^^r, 172 

inllwuire of iiiicliors, liiers, f'lr,, 

longittiflinid stnow, lllo 
ring t4in«ioii, Ifld 

Hiirg© cliiMrilsir «ir|iiiilicin», tmatmoril 
of, m 

general afciitomefd of uroblom 
aiiddoriviition 

Burge f^iamlior Probltun, wmplifiwi 
by fiwptoird of govcrnfir 
action nind mnumum Ire lion 
head to vary liwt powor 
of viilimiiy, 7fi 
Inmiment by rooilol 

through appluoilitiii nf law of 
kimifi'iiit Ir 7!i 

imalmtiit by fiurru’riral iitfegra* 
lion, 77 

treiitmoiit Ihfiitirh 

of prit^h4<»rfiiifir4 progriiiTii of 
»#!r#4effiLlioft, 7 ti 


r 

Tmmt 243 

Thn'kiieiw, Cf«|.iWii pi|», dpt#r» 
rnifiiit-ioii of, lit 
ulii'tofc mmf*i pi|j^ i|#lf#riiiiiimtiofi 

of, 
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V 

Valves, loss of head through, 22 
pipe -line, 244 

Vensano’s formula for excess pressure 
due to water-ram, 155 
Viscosimeters, 250 
Viscosity of oil, 248 ^ 

W 

Warren’s formula for excess pres- 
sure due to water-ram, 153 
Water-ram, 84 

Allievi’s formula, 151 
approximate formulae, 150 
discussion of formulae, with 
numerical cases, 128 
excess pressure developed, 97 
formulae based on mass and 
acceleration, 155 
J ouko vsky ’ s formula, 154 
law of pressure change with time, 
closure, 107 

law of pressure change with time, 
opening, 110 

physical conditions necessary 
to allow for elasticity of pipe, 
friction and velocity head, 89 
velocity of propagation of 
acoustic wave, 93 


Water-ram — 

Vensano’s forn^a, 155# 
Warren’s formife, 153 
when lower end of pipe is held 
rigid, 105 

with gradual complete closure, 
110 

with gradual partial closure, 121 
with gradual opening, 125 
with instantaneous complete 
closure, 84 

with partial reflection at valve, 
closure, 122 

with partial reflection at valve, 
opening, 127 

with rapid opemng from com- 
plete closure, 106 
with rapid opening from partial 
initial opening, 107 
with rapid complete closure, 98 
with rapid partial closure, 102 
Weisbach’s results, loss due to con- 
traction, 20, 24 
Welded sheet steel pipe, 198 
Williams and Hazen’s formula, 
friction loss, 6 

Williams Hubhell and Fenkell, loss in 
elbows and bends, 25 
Wood stave pipe, 205 


